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Workers within the Williston Basin have repeatedly reported the 
presence of sedimentary cyclicity within the carbonate and evaporite 
succession of the Mississippian Madison Group. Descriptions of 
cyclicity are diverse and commonly conflict. Previous work has been 
exclusively qualitative. This study used a group of statistical 
techniques in a method designed specifically for the objective 
identification and evaluation of cyclicity in the lithofacies 
sequence of the Mission Canyon and lower Charles Formations in North 
Dakota. 
Twelve cores were sampled at every visually distinguishable 
lithologic unit. Forty-six lithologic components were counted in 
each sample on a presence-absence basis. The phi association 
coefficient was used to calculate similarities between all pairs of 
lithologic units in a data set. Similarities were clustered; 
significant clusters were used as lithofacies. The succession of 
lithofacies was examined for cyclicity using embedded Markov 
analysis. Mutual substitutability analysis identified pairs of 
lithofacies that could be combined to permit fur ther iteration of 
cyclicity analysis. The final succession was examined using entropy 
analysis. 
A variety of carbonate and evaporite lithofacies, deposited 
under subtidal to supratidal, open- and restricted-circulation 
conditions, were identified. Specific interpretation of depositional 
environments was rarely permitted by the data. Both lithofacies and 
xiv 
cyclicity reflect increased evaporite deposition upward in the 
succession and from the basin center to the margin. 
After analysis of data sets from individual wells, data 
representing selected stratigraphic intervals over larger geographic 
areas were combined and examined for cyclicity. Homogeneity tests of 
the combined data sets indicate probable areal stationarity within 
the succession, although the occurrence of abrupt cyclicity changes 
in the succession indicates a lack of vertical stationarity. 
Cyclicity exists in the succession but is not everywhere 
present, nor uniform in character throughout the basin. Cycles are 
simple, dominantly asymmetric, and of minor importance on the flanks 
of the basin; they are more complex, dominantly symmetric, and 
dominate the succession near the basin center. The cyclicity is more 
compatible with deposition of lithofacies as a mosaic, than as narrow 
facies belts, and indicates the need for new fac ies models. 
xv 
INTRODUCTION 
Workers in the Williston Basin have repeatedly reported the 
presence of cyclicity within the lithologic succession of the Mission 
Canyon and Charles Formations (Mississippian). Cyclicity has been 
identified on. several geographic and stratigraphic scales and has 
been attributed to many mechanisms. To date, studies reporting 
cyclicity in the Mission Canyon and Charles Formations have used 
qualitative methods. This study is an investigation of the 
carbonates and evaporites of the Mission Canyon and lower Charles 
Formations (Mississippian) in the North Dakota portion of the 
Williston Basin and uses a more objective approach to the examination 
of the sequence than that of earlier workers. In particular, 
statistically-based techniques are used to group samples into 
lithofacies and to examine the sequence of li thofacies for the 
presence of cyclicity. 
Geologic Setting 
The Williston Basin is a major, intracratonic, structural and 
sedimentary basin located in portions of North Dakota, South Dakota, 
Montana, Saskatchewan, Manitoba, and Alberta (Fig. 1). Structural 
subsidence of the basin was initiated by Early Ordovician time (R. D. 
LeFever and others, 1987) and continued at least through the 
Mesozoic. The basin persisted as a site of thickened sedimentary 
deposition due to basinal subsidence or broad flexural downwarping 
into the Cenozoic (R. D. LeFever, pers. comm., 1988). The most 
prominent structural features within the Williston Basin are antiform 
1 
2 
Figure 1: Location of Williston Basin. Modified from Porter and 
Fuller (1959) and Peterson (1984). Basin outline shown relative 
to states and provinces is 3000 feet (914.4 m) below sea level 
contour line on the Lower Paleozoic (pre-Devonian) surface (from 
Porter and Fuller, 1959). Shaded areas represent present-day 
uplifts exposing Mississippian rocks nearest to the Williston 
Basin (after Craig and Conner, 1979). The abbreviati9n TA 
represents approximate trend of uplift area known as the 
Transcontinental Arch. Abbreviations used for o ther structures 
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folds that generally trend north-south or northwest-southeast. I n 
North Dakota, the most important of t hese are the Nessen, Billings, 
and Cedar Creek Anticlines . Detailed examination of the stratigraphy 
associated with one of these features, the Nesson Anticline , revealed 
a complex structural history reflecting both regional and local 
structural effects (J. A. Lefever and others, 1987) . These results 
imply that individual structures within the basin can be expected to 
have influenced local sedimentary facies patterns , and may have done 
so independently of other structural features . 
Sedimentary rocks in the basin represent all Phanerozoic 
systems and attain a maximum thickness of greater than 15 ,000 ft 
(4600 m) (Gerhard and others, 1982). The sedimentary succession 
contains a number of major unconformities that correspond to the 
boundaries between the sequences of Sloss (1963 ) . Sequential 
lithofacies and isopach maps of the sequences (Carlson and Anderson, 
1965; Gerhard and others, 1982) indicate that the configuration of 
the sedimentary basin changed over time. Each sequence is 
differentiated from others by changes in the orientation and location 
of the connection of the basin with the open marine shelf, the shape 
of the basin itself , and the location and size of the sedimentary 
depocenter. 
In the Yilliston Basin, the Kaskaskia sequence (Middle Devonian-
Upper Mississippian) is represented by more than 4000 ft (1200 m) of 
sedimentary rocks and is subdivided into two lesser sequences (or 
subsequences) by a pre-Mississippian unconformity between the Three 
Forks and Bakken Formations (Bluemle and others, 1981). At the base 
of the upper sequence is the Bakken Formation (Devonian-
5 
Mississippian) that is conformably overlain by the Madison Group 
(Mississippian). The Madison, consisting of the Lodgepole, Mission 
Canyon, and Charles Formations, is unconformably overlain by the Big 
Snowy_Group (Mississippian). The Mississippian section contains more 
than 2500 ft (760 m) of carbonate, evaporite, and elastic sedimentary 
rocks that were primarily deposited under marine and restricted-
marine conditions in a shallow-shelf, low-latitude setting. 
The Madison Group was deposited during the maximum 
Mississippian inundation and is characterized by a lithologic 
sequence formed under increasingly restricted, marine conditions. 
Thus, cherty argillaceous open-marine carbonates of the Lodgepole 
Formation are overlain by open-shelf and restricted-marine carbonates 
and evaporites of the Mission Canyon Formation, that are, in turn, 
overlain by and intercalated with the sulfates and salts of the 
Charles Formation. The thickness patterns shown on the isopach map 
of Madison Limestone and equivalent rocks (Fig. 2; represented by the 
Madison Group in North Dakota) show that the Mississippian Williston 
Basin was a circular area of increased sedimentary accumulation with 
its depocenter in western North Dakota. Connection to the ocean was 
through the subsiding Central Montana Trough (Fig. 2; Bjorlie, 1979). 
Post-Mississippian erosion has truncated the succession along the 
eastern basin margins and progressively older units subcrop eastward 
beneath the pre-Mesozoic unconformity (Anderson, 1974). 
Stratigraphic Nomenclature 
The term "Madison formation" was originated by Peale (1893) for 
a sequence of Lower Carboniferous carbonate rocks exposed in the 
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Figure 2: Thickness of Madison Limestone and stratigraphically 
equivalent units in Montana, Wyoming, South Dakota, and North 
Dakota. Modified from Brown and others (1984, Plate 10). 
Isopach contour interval is 400 feet (122 m). Shaded areas 
represent areas in which uplift has exposed Mississippian or 
older rocks. Hachured line is present-day approximate eastern 
limit of Madison equivalent rocks around Williston Basin margin. 
East-to-west elongate area of maximum stratigraphic thickness 
(1400 feet [425 m] and more) in west-central Montana is location 
of Central Montana Trough, an area of increased sedimentary 
accumulation during the Mississippian attributed in the 








Madison Range near Three Forks, Montana. The Madison was subdivided 
by Collier and Cathcart (1922) into the lower Lodgepole Formation and 
upper Mission Canyon Formation and was assigned group status. The 
term "Charles member" originated with Seager (1942) as the 
designation for a carbonate and evaporite sequence between the 
Mission Canyon Formation and the Big Snowy Group in the subsurface of 
eastern Montana. The Charles Formation is restricted to the 
subsurface in the Williston Basin (Sando and Dutro, 1974), where it 
is the uppermost unit of the Madison Group (Sloss and Moritz, 1951). 
The contact between the Mission Canyon and Charles Formations is a 
facies change from dominantly carbonate to dominantly evaporite 
lithologies, respectively; it has been arbitrarily defined as the 
base of the lowest anhydrite (Eide, 1958). This boundary occurs at a 
progressively lower stratigraphic position from basin center to 
margin, and transgresses subsurface, wireline-log, marker horizons 
(Bluemle and others, 1980; Carlson and Lefever, 1987). 
Workers in the Williston Basin have defined numerous marker 
horizons for subsurface correlation purposes (Thomas, 1954; Harrison 
and Flood, 1956). In 1956, the Saskatchewan Geological Society 
adopted a modified version of the Fuller (1956) subdivision of the 
Mission Canyon Formation into six, marker-defined "beds" . This 
terminology has been modified by workers in North Dakota by 
designation of more persistent marker horizons as boundaries, and by 
use of the informal terms "interval" and "subinterval" in conformance 
with proper stratigraphic usage (Anderson and others, 1960; Smith, 
1960; Bluemle and others, 1980, 1986). A recent review of the 
Madison nomenclature for the Williston Basin was presented by Carlson 
9 
and Lefever (1987). The informal units currently in use by the North 
Dakota Geological Survey and their relationships to formal 
stratigraphic units are shown in Figure 3. Downward, these are the 
Poplar interval, the Ratcliffe interval which includes the Midale 
subinterval, the Frobisher-Alida interval which includes the Rival 
subinterval, the Tilston interval, and the Bottineau interval. Other 
marker-defined units have been proposed; most, however, are only of 
use in a limited area due to the lack of lateral persistence of the 
marker horizons. One further classification, of interest to this 
study, is the widely-used subdivision of the Frobisher-Alida interval 
by Harris and others (1966). They identified six "cyclic" carbonate 
and evaporite units separated by thin, persistent, elastic-rich 
marker beds (Fig. 4). The origin and time-stratigraphic significance 
of these "cycles" have been debated but they a re widely utilized in 
petroleum exploration. 
This study uses both formal and informal stratigraphic units 
(Fig. 3) and follows the subsurface terminology of the North Dakota 
Geological Survey (Bluemle and others, 1980, 1986). For further 
reviews of the history of stratigraphic nomenclature in the Williston 
Basin refer to Sando and Dutro (1974), Obelenus (1985), or Carlson 
and Lefever (1987). 
Sedimentary Cyclicity 
General Concepts· 
Cyclic phenomena are those in which a sequence of events or 
processes occur and recur regularly in an ordered and repeated 
fashion, and normally are considered to have a starting point to 
10 
Figure 3: Stratigraphic terminology used in this study. Included 
are subsurface stratigraphic, geochronologic, and chrono-
stratigraphic units. Time scale after COSUNA usage (Salvador, 
1985). Epochs (Series) after Waters and Sando (1987) and Sando 
and Bamber (1985). Stratigraphic terminology after Bluemle and 
others (1980). Figure modified from Carlson and Lefever (1987). 
.!. l 
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after Carlson and LeFever (1987) 
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Figure 4: Schematic representation of marker-defined beds in 
subsurface of northeastern portion of Williston Basin, North 
Dakota. Figure modified from Harris and others (1966). Also 
shown is approximate facies relationship of Mission Canyon and 
Charles Formations from basin center to northeastern basin 
margin. Formational boundaries after usage of North Dakota 
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which they return. Cyclicity, in the context of sedimentation and 
stratigraphy, refers to the presence of order and repetition in 
processes or stratigraphic sequences. 
The presence of cyclicity in a sequence implies the operation 
of cyclic sedimentary processes during deposition of the sequence. A 
further implication is that the lithologic units that together 
comprise a single cycle within the succession, are genetically 
related to one another. The presence of order indicates that the 
units within a single cycle were not formed independently but in 
response to one or more sedimentary processes that varied 
systematically to produce the ordered succession. The presence of 
repetition within a sequence indicate.s the repeated operation of the 
one or more sedimentary processes that produce a single cycle. This 
means that individual cycles within the sequence are also genetically 
related to one another. 
Furthermore, lateral lithofacies relationships must have had a 
characteristic or orderly arrangement because, by Walther's Law, the 
areal facies pattern of the depositional environment should be 
directly riflected in the facies sequence. Similarly, lateral 
lithofacies relationships or, more simply, the facies pattern of the 
depositional environment must have been systematically and repeatedly 
changed over time to produce a cyclic succession. 
The simplest means of producing cyclicity is the systematic and 
repeated operation of a single mechanism or depositional control. 
Logically, operation of too many independently vary ing processes is 
less likely to yield detectable cyclicity. Unless there is evidence 
of the involvement of multiple independent processes in the 
15 
production of a single type of cyclicity, the principle of Ockham's 
razor requires the assumption that the cyclicity can be ascribed to a 
single process or to a few interdependent depositional processes . 
The existence of cyclicity does not rule out the presence of 
randomly-occurring lithologies within the sequence nor the presence 
of units unrelated to cyclic processes; all portions of the sequence 
need not be involved when cyclicity is present. Indeed, in light of 
the growing body of literature on event stratification (Einsele and 
Seilacher, 1982; Aigner, 1985), lithofacies resulting from random 
events (for example, storm deposits) may be expected in most 
sequences. 
In studies of sedimentary cyclicity, an attempt is commonly 
made to extract a "model" or "ideal" cycle from the actual 
succession. It is particularly important to d istinguish clearly the 
conceptual types of "ideal" cycles. This concept seems to have been 
used in three ways. First, there is the type Duff and Walton (1962) 
named the "modal cycle". This is the ordered grouping of lithologic 
elements that occur most frequently in a succession. This grouping 
is based on actual frequency of occurrence within the succession and 
is the cyclic element most easily identified during qualitative 
stratigraphic analysis. 
The second conceptual cycle type is termed the "composite 
cycle" (Duff and Walton, 1962). This cycle would rarely be seen 
fully developed in a succession. It is statistically derived and 
illustrates the statistically-preferred position of all cyclic 
lithofacies. Duff and Walton ( 1962 ) included all lithofacies present 
in the succession within the composite cycle. If there are, however, 
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lithofacies shown on a statistical basis to be randomly distributed 
vertically, it would be misleading to include them in the composite 
cycle. This term will be used, therefore, in a modified sense. A 
composite cycle will include all statistically-based cyclic 
relationships; the presence of randomly-distributed facies will be 
noted separately. 
A third type of cycle commonly discussed may be termed the 
"ideal cycle" (Duff and others, 1967). This type is constructed from 
theoretical consideration of the facies model rather than from an 
actual succession. Thus, the ideal cycle is more a means of 
discussing and abstracting facies models than an aid in the 
description of actual stratigraphic sequences. 
Schwarzacher (1975) identified three types of cyclicity that 
may be recognized in sedimentary strata. These are: 1) sequential 
cycles, characterized by repetitive ordering of lithofacies; 2) 
geometric cycles, in which the ordered lithologies are repeated over 
equal thickness intervals; and 3) time cycles, in which the 
lithologic sequence forms over equal periods of time. By assuming 
constancy of depositional processes, and thus time and thickness to 
be essentially interchangeable variables, geometric cycles may be 
regarded as possessing an average periodicity and may be treated as 
time cycles. Thus, the latter two types of cycles are characterized 
by both a repetitive sequence and periodicity. The study of 
geometric and time cycles is useful, therefore, in the analysis of 
sedimentologic and stratigraphic prob1ems involving time. Such 
problems include determination of sedimentation rate and 
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identification of climatic and astronomical cycles (see, for example , 
Schwarzacher and Fischer, 1982; Hallam, 1986). 
However, because of the limited occurrence of sequences in 
which cyclicity is known to be periodic, the most commonly discussed 
of the three types of cyclicity are sequential cycles. Although they 
are assumed to lack periodicity, the study of such cyclic lithofacies 
sequences is useful. Wilson (1975) stated three ways in which the 
study of cyclicity provides information not otherwise available and , 
thus, enhances the interpretation of the stratigraphic sequence. 
First , since cyclic strata are the product of cyclic processes, 
facies relationships in the depositional model are constrained; this 
will simplify prediction of the lithofacies distribution beyond the 
study area. Second, mutual lithofacies relationships determined from 
the order in a cyclic succession may aid in environmental 
interpretation. In particular, many lithologies occur in more than 
one depositional setting. Knowledge of the pos ition of a lithofacies 
occurrence within a cyclic succession and of the bounding facies may 
permit one to distinguish between alternative settings, as for 
example, between subtidal and intertidal origins of fenestral 
carbonate fabric. Third, laterally persistent. cycles may aid time-
stratigraphic correlation within and between sedimentary basins 
(Lumsden, 1975; Lohmann, 1976; Johnson and others, 1985; Robyn 
Wright , 1986). 
Many approaches have been taken in the description of cyclic 
sequences. The majority of this work has been done using the 
traditional techniques of stratigraphy. Increasingly since the 
1960s, attempts have been made to use more objective methods, 
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primarily employing statistical methods of cycle analysis (Davis, 
1986), and more recently, by comparison of observed and computer-
generated synthetic cycles (for example, Turcotte and Willemann, 
1983; Grotzinger, 1986; Read and others, 1986; Bova and Read, 1987) . 
The most commonly studied character istics of cyclicity include 
cycle scale, cycle pattern, and mechanisms of cycle origin. 
Sedimentary cycles have been described on all scales. Table 1 
summarizes the characteristics of large and intermediate-scale cycles 
and gives examples of each type. The largest cycles are units that 
are generally considered to represent major t ransgressive-regressive 
packages resulting from single or multiple changes in relative sea 
level. These large cycles consist of a number of smaller 
stratigraphic sequences grouped into presumably genetically re l ated 
packages. Intermediate-scale cycles are repe t itive successions that 
may, for example, be seen on outcrop scale. Bundles of these smaller 
units can comprise a larger cycle or portions of a larger cycle (for 
example, Cotter, 1988). Intermediate-scale cycles have been 
extensively reported in the literature; indeed, recognition of such 
lithologic packages has become a common part of stratigraphic 
description (for example, Grotzinger, 1986; Bova and Read, 1987). 
Smaller cycles have been reported. Some of these are 
subdivisions of intermediate-scale cycles but much of this smallest-
scale cyclicity (generally less than a metre thick) consists of the 
rhythmic alteration of two lithologies. Such cyclicity may be on the 
scale of millimetres to several decimetres. Examples of this type 
include varved sediment and pelagic carbonate-shale cycles (Einsele 
and Seilacher, 1982). These cycles are commonly periodic and, 
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Cambrian Grand Cycle 
(Aitken, 1978; Chow and James, 1987) 
Slossian sequences (Sloss, 1964) 
first to third-order Vail cycles 
(Vail and others, 1977) 
Pennsylvanian megacyclothems of Kansas 
(Moore, 1936; Weller, 1964) 
Lofer cycles of the Alpine Triassic 
(Fischer, 1964) 
Pennsylvanian-Permian cyclothems of 
the Midcontinental U.S. 
PACs (puncuated aggradational cycles; 
Goodwin and Anderson, 1985) 
fining-upward fluvial cyclothems, 
Old Red Sandstone and Catskill 
Formation (Allen, 1970) 




therefore, amenable to analysis requiring the use of time as a 
variable. 
Cycle pattern (the type of ordering present) is the second 
frequently examined aspect of cyclicity. The three major kinds of 
ordering are symmetric (ABCBA), asymmetric (ABCABC), and rhythmic or 
oscillatory (ABABABA) cyclicity (Fig. 5). Additional information 
about the pattern may be obtained by comparing physical or chemical 
properties of the component lithologies. Thus, for example, cycles 
may be described as coarsening-upward versus fining-upward, or as 
shallowing-upward (regressive) . It should be noted that the first 
example is a purely descriptive designation whereas the second 
introduces a genetic connotation. 
The final commonly considered aspect of cyclicity is the 
mechanism of cycle generation. Most mechanisms are invoked to 
produce relative sea-level changes and the res ulting systematic 
facies change. The driving mechanisms discuss ed by Duff and others 
( 1967 ) for the production of cyclicity are: sedimentary, tectonic, 
eustatic, and climatic controls. Sedimentary controls refer to 
autocyclic mechanisms (Beerbower, 1964, p. 32). These are localized 
processes that act and produce depositional facies changes within the 
sedimentary environment, such as apparent shallowing-upward 
lithofacies cycles due to organic reef growth, and deltaic cycles 
resulting from abandonment and lobe switching. 
All other mechanisms are termed allocyclic (Beerbower, 1964, 
p. 32) and may be either local (regional) or worldwide in scope. 
Tectonic controls affect relative sea level by changing subsidence or 
uplift rates in areas of deposition. Tectonics may also uplift 
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Figure 5: Cartoon showing three major types of simple cyclic 
patterns in sedimentary sequences. 
OSCILLATORY 
B 
A I I I ~ I I i 
B 
A I _'.__ -' =r ) 
B 
A I I / I ,>=', 
--
BI-_:-_ 
A I I / I < 
e 
A I...__, _____J__--1...__J 
B - _' _'7 I 





A I I I I I ' 
e I .--. --- --1 - ---
• • • • • . -
C • • • • 
- - ---- -B, _ ----- -
A 
1
1 I I ; J 
B ...... ___ ......___.._ _ C___.'---" 
C .• ~ . -
--- -
B ·--
A I I I I I I l ' 
ASYMMETRIC 
B L =-:-
A I. J, I,/,) 
- -- --
B I - --- ----
A I I I I I J i I I 
C ---
8 r-=_-_-




sedimentary source areas, thereby increasing sediment supply and 
affecting the types of sedimentary facies deposited or the rate of 
progradation. 
Eustatic controls are those that directly change global sea 
level. Two mechanisms widely cited for worldwide sea level change 
are: 1) glacial, producing eustatic sea level change by changing 
ocean volume due to removal of water during glaciation and addition 
of water during deglaciation; and 2) tectonic, producing volumetric 
displacement of water by expansion and upward displacement of hot sea 
floor during periods of rapid sea-floor spreading. A third suggested 
means of affecting eustatic sea level changes is by the change over 
time of attraction and rotation potentials that determine the shape 
of the world geoid (Morner, 1984). 
The final mechanism listed by Duff and others (1967), climatic 
control, may be the underlying cause of glacia l eustasy. Climatic 
changes affect both circulation and sea level , and are thought by 
many to reflect astronomical cycles of the Earth's orbit 
(Milankowitch cycles). An understanding of the mechanisms 
controlling the ·production of sedimentary cycles is one of the 
ultimate goals of the study of cyclicity. However , as is obvious 
from the above discussion, there are many possible sources of 
cyclicity; indeed, more than one mechanism may have affected the 
depositional system that produced any specific cyclic sequence and 
multiple hypotheses should be considered in interpreting the origin 
of stratigraphic cyclicity. 
24 
Cyclicity in Carbonate and Evaporite Shelf Sequences 
Cyclicity has been described from many carbonate and carbonate-
evaporite sequences. This cyclicity exists at two scales: locally 
or regionally-extensive intermediate-scale cycles, that have 
thicknesses that range in magnitude from 10° to 101 metres, and 
large-scale transgressive-regressive packages that are commonly 
composed of smaller cycles (James, 1984). Large-scale sequences have 
frequently been interpreted to result from major sea level changes 
and have been compared to Grand Cycles (Aitken, 1978; Grotzinger, 
1986; Chow and James, 1987). The carbonate-elastic shelf cycles of 
the Late Paleozoic cyclothems are some of the largest of the 
intermediate-scale cycle types (Moore, 1936; Wilson, 1975). 
Oscillatory small-scale cyclicity, between limestones and shales 
(Schwarzacher and Fischer, 1982), carbonates and evaporites, or 
different evaporite minerals, is another type of cyclicity found in 
many carbonate sequences. Although oscillatory small-scale cyclic 
strata may be deposited below wave base on open-marine shelves, this 
type of cyclicity is more commonly developed in pelagic rather than 
shelf settings. 
The majority of the cyclicity described from carbonate or 
carbonate-evaporite shelf and platform sequences is asymmetric, 
intermediate-scale, and shallowing-upward (Coogan, 1972; Wilson, 
1975; James, 1984). Wilson (1975) distinguished three general types 
of shallowing-upward sequences: oolite-grainstone cycles, lime-mud 
tidal flat or sabkha cycles, and platform or bank-interior cycles 
displaying intense diagenesis. James (1984) offered an ideal 
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shallowing-upward sequence consisting of subtidal, intertidal, and 
supratidal lithofacies. He then classified various types of these 
cycles by distinguishing different combinations of subtidal and 
intertidal depositional lithofacies. The subdivision of shoaling-
upwards cycles by Kendall (1984) is based on the chemical state of 
the precipitating body of water (reducing/oxidizing; carbonate, 
gypsum, salt-precipitating). It is important to note that 
shallowing-upward cyclicity is not only the principal model for 
carbonate and carbonate -evaporite cyclicity in platform or shelf 
sequences, but it is also the ruling model for general sedimentation 
in these settings. In contrast, deepening-upwards cyclicity and 
symmetric cyclicity are rarely reported in the literature or 
discussed in review papers. Indeed, only one example of deepening-
upwards cyclicity, the Lofer cyclothems of the Alpine Triassic 
(Fischer, 1964), is cited in most syntheses of carbonate cyclicity or 
carbonate shelf models (Wilson, 1975; Enos, 1983; James, 1984; 
Reading, 1986). 
Shoaling-upward, intermediate-scale, carbonate-bearing cycles 
have been reported from throughout the geologic column. These cycles 
may reflect facies shifts through a range of environments, or may 
reflect changes between only a few depositional facies . The 
li thofacies comprising reported cycles represent deposition in all 
portions of the platform or shelf environment. In practice, 
shallowing-upward shelf cycles are distinguished from each other by 
the presence of bounding discontinuity surfaces. These include such 
features as paleosols (Goldhammer and Elmore, 1984), exposure 
surfaces (Fischer, 1964; Hardie and others, 1986 ; V. P. Wright, 
26 
1986) , basal lag deposits (Grotzinger, 1986), or dolomitized caps 
(Bova and Read, 1987); these surfaces represent either initiation of 
a transgressive phase or culmination of a regressive phase. 
Because of the variety of types of shallowing-upward cycles, 
there have been many mechanisms proposed for their generation, which 
may be grouped into autocyclic and allocyclic mechanisms. In 
carbonate settings autocyclic mechanisms can control the rate of 
sediment production. Carbonate sediment is principally produced by 
the breakdown of organically-produced calcium carbonate (Wilson, 
1975, p.4); therefore, the rate of sediment production may be a 
direct function of biologic productivity. For this reason, 
autocyclic mechanisms are considered by some workers as sufficient to 
cause progradation or aggradation on shallow carbonate shelves, the 
repetition of which results in s hallowing-upward cyclicity (Ginsberg, 
1971; Wilkinson, 1982). Proponents of allocyclic mechanisms regard 
drowning and progradation of carbonate environments in response to 
relative sea leve l change as the primary cause of cyclicity. Much-
debated details of allocyclic theories include the relative 
importance of aggradation versus progradation (Goodwin and Anderson, 
1985) and rapid versus gradual transgression (Brett and Baird, 1986). 
Mechanisms cited for sea level change include all of those discussed 
in the previous section. 
One further controlling mechanism of special importance to 
carbonate and evaporite deposition must be mentioned. Chemical 
mechanisms change seawater composition, and consequently change the 
thermodynamics of carbonate and sulfate precipitation. This 
mechanism may be either autocyclic or allocyclic. One proposed 
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allocyclic effect is a long-term change in oceanic chemistry. This 
could switch the form of primary production of calcium carbonate 
between calcite and aragonite (Wilkinson, 1982) and affect both 
organic and inorganic production. Another allocyclic effect is the 
development of evaporitic deposition due to restrictive conditions 
resulting from changes in relative sea level or changes in world 
oceanic circulation. Autocyclic migration of sedimentary facies may 
also cause restricted-marine salinities to develop. Thus, the 
interpretation of the origin of carbonate or carbonate-evaporite 
cycles requires consideration of some additional factors unique to 
these sedimentary settings. 
Cyclicity in Madison Group of Williston Basin 
Various authors have discussed the presence of cyclicity in the 
Madison sequence of the Williston Basin. A tabulation of many of 
these citations is given in Table 2. Reports of cyclicity are of 
several types. First, many workers discuss the Madison Group or 
Mississippian sequence as an upward-shallowing or regressive cycle 
(Wilson, 1975; Kent, 1984; Lindsay, 1985). This is more an 
application of the "cycle of sedimentation" concept (Bates and 
Jackson , 1987, p.165) than a description of true cyclicity, i.e., 
repetitive, ordered sequences. The discussion of the Mississippian 
as an example of a "major evaporite cycle" by Sloss (1953) is another 
instance of the sequence stratigraphy (Sloss, 1963) or cycle of 
sedimentation concept. 
Within the Madison, many workers have identified sedimentary 
cycles corresponding to informal subsurface units defined using 
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TABLE 2.··Reported cyclicity in Madison Group of Williston Basin 













Longman and Schmidtman (1985) 
Obelenus (1985) 
"Bed"·scale: 
Harrison and Flood (1956) 






Lefever and Anderson (1986) 
Local-scale: 
Smith (1980) 
Lindsay and Kendall (1980); 
Lindsay and Roth (1982) 
Elliott (1982) 
Ka ldi (1982) 
Nature of cycle reported 
Mississippian "major evaporite cycle" 
Madison regressive cycle 
Mississippian "megacycle" 
Madison shoaling upward sequence 
5 Mission Canyon depositional sequences 
7 Mission Canyon and Charles cycles; 
idealized symmetric cyclic unit 
6 symmetric "evaporite cycles" in 
Madison 
Ratcliffe advancing restricted 
hemicycle 
13 regional cyclic units in Madison 
Ratcliffe, Frobisher-Alida, Tilston 
regressive cycles 
Ratcliffe cycle 
Frobisher-Alida shallowing-upward cycle 
8 cyclothems in Charles; symmetrical 
evaporite cycles 
6 transgressive-regressive cyclic 
"beds" in Frobisher-Alida 
''internal" cycles in Lodgepole and 
Mission Canyon 
"stretched upward-shallowing cycles" 
progradational sequences in Frobisher· 
Alida "beds" 
transgressive-regressive "beds" with 
stacked facies in Frobisher-Alida 
progradational "beds" in Frobisher-
Alida 
4 lithologic cycles in upper Riva l 
subinterval (Frobisher Evaporite) 
"major" and "minor" shoaling-upward 
cycles; 10 - 20 ft thickness 
cyclic ooid and pisoid shoal deposits; 
5-10 ft thick 
5 carbonate to evaporite shallowing-
upward sabkha cycles in Rival 
subinterval 
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wire l ine-log marke r horizons. Thomas (1954) first subdivided the 
Mission Canyon into marker-defined depositional sequences that 
roughly correspond to the informal intervals of current usage (Fig. 
3). Since this time many workers have reported these intervals to be 
cycles. Earlier workers (Thomas, 1954; Fuller, 1956; McCabe, 1959, 
1962) identified symmetrical, transgressive-regressive sequences 
within these cycles. Later workers (Catt, 1982; Waters, 1984; 
Longman and Schmidtman, 1985; Obelenus, 1985) described the same 
cycles as shallowing-upward , regressive, or progradational. 
Log marker-defined "beds" within the intervals (particularly 
within the Frobisher-Alida interval) have also been reported to be 
cyclic sequences. Harrison and Flood (1956) subdivided the Charles 
Formation into eight "cyclothems". Harris and others (1966) 
recognized six depositional cycles within the Frobisher-Alida 
interval in the northeastern basin. Both of chese papers identified 
symmetrical transgressive-regressive cycles wi thin these sequences. 
Other workers later described the units defined by Harris and others 
(1966) as asymmetrical and upward-shoaling sequences. Differences of 
opinion also exist as to the transgressive or regressive origin and 
sequential position of the silty marker beds, and as to whether 
lithofacies within each bed prograde (Malek-Aslani, 1977; Shanley, 
1983; Lefever and Anderson, 1986) or are vertically stacked (Lindsay, 
1985 ; Luther, 1988). 
The final t ype of lithologic cyclicity that has been reported 
from the Madison of the Williston Basin, is localized , small-scale 
depositional cyclicity thought t o have formed due to migration of 
local depositional facies or local changes in relative sea level. 
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Such cyclicic:.y has been ident.ified within the Rival subinterval by 
Smith (1980), who described four evaporite cycles within the upper 
Rival, and by Kaldi (1982), who described five carbonate to 
evaporite, shallowing -upward, sabkha cycles. Lindsay and Kendall 
(1980) and Lindsay and Roth (1982) described "major" and "minor" 
cycles from the Little Knife Field. These average between 10 and 20 
ft (3-7 m) thick. Slightly thinner (5-10 ft; 2-3 m) cycles were 
described by Elliott (1982). He interpreted them as the product of 
migration of ooid and pisoid shoals. These local cycles have all 
been described as shallowing-upward sequences. 
Reports of cyclicity may well have been colored by a genetic 
bias, that is, by preconceptions arising from carbonate and evaporite 
depositional models. Some~ priori evidence for such a bias was 
alluded to in the above discussion. Earlier workers generally 
described the cycles as symmetrical or transgressive-regressive 
cycles or as cyclothems. Later workers, almost universally, 
described sequences as shallowing-upward or prograding. It should be 
noted that present-day carbonate and evaporite facies models were 
developed during the interval between this earlier and later work. 
A further discrepancy exists in the form of differing 
descriptions of the same sequences (Harris and others, 1966; Shanley, 
1983). In addition, there are some discrepancies between different 
reports of cyclicity. For example, workers examining the same cores 
have identified different types of cycles (for example, Lindsay and 
Roth, 1982, and Waters, 1984; NDGS 6230 Gulf-Lind 2-13-2D, SW/NE, 
Sec. 13, T 145 N, R 98 W). It also should be noted that all of the 
work discussed above has been qualitative and employed traditional 
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subjective stratigraphic procedures. Thus, there are no bases to use 
in judging the relative validity of conflicting reports of the cyclic 
characteristics of a specific sequence. 
Furthermore, the existence of at least one type of cycle has 
been challenged. Several authors have described vertically stacked 
rather than prograding lithofacies relationships within the beds of 
Harris and others (1966) (Shanley, 1983; Luther, 1988). These 
workers described the abrupt basinward migration of lithofacies 
between the deposition of each bed; the units would thus be part of a 
larger regressive sequence rather than individual sequential cycles, 
and the repetition and ordering of lithofacies relationships 
vertically in a cyclic sequence is not present. Such units are 
similar to the sequences of Sloss (1963) but are smaller in scale. 
One final problem involves the gener al use of depositional 
models based on modern analogues for inter pre t ation of a sequence in 
an ancient intracratonic basin. Most present-day shallowing-upward 
cyclic models are based on modern analogues (Enos, 1983; James, 
1984). Yet there are no modern intracratonic basins; successions 
influenced by the geologically rapid Quaternary sea-level rise may 
not be the best models for ancient successions of this type (Wilson, 
1975; Selley, 1978, p. 173). Although constancy of physical 
processes does place some constraint on depositional conditions, the 
possibility remains that cyclicity in intracratonic settings differs 
from the carbonate sedimentation models in use. 
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Study Objectives 
As discussed above, sedimentary cyclicity has been frequently 
described from the Madison Group of the Williston Basin. A number of 
possible problems with this previous work have been identified. In 
addition' to these problems, as was demonstrated by the experiments of 
Zeller (1964), there are general doubts about human ability to 
recognize cyclicity qualitatively and to distinguish it from non-
cyclicity. For these reasons, this project was designed to test the 
lithologic succession of portions of the Madison Group in the 
Williston Basin for the presence of cyclicity using more objective 
methods than those of earlier workers.. A number of statistically-
based techniques are used together in order to group samples into 
statistically significant groups that may be t reated as lithofacies 
and to examine the obtained lithofacies sequence for the presence of 
cyclicity and to describe any cyclicity present. 
The use of this objective procedure to define lithofacies and 
evaluate cyclicity in the stratigraphic succession of the Mission 
Canyon and Lower Charles Formations in the Williston Basin of North 
Dakota was intended to yield results that permit unbiased evaluation 
of the report of cyclicity within this succession. In addition, any 
statistically-significant cyclicity present places constraints upon 
facies models for the generation of this succession. The results of 
this study should , therefore, also aid in the evaluation of the many 
facies models that have been presented to explain the formation of 




To insure adequate and maximum possible core availability, the 
study was restricted to the Midale subinterval, Frobisher -Alida 
interval, and Tilston interval of the Mission Canyon and lower 
Charles Formations (Fig. 3). The study area was initially defined to 
include the portion of North Dakota west of 99° W longitude and 
between 49° and 46° N latitudes (Fig. 6). This area was further 
restricted by elimination of portions of the area in which any part 
of the rocks of the Frobisher-Alida interval had been removed by 
erosion. Thus, the area east of the pre-Mesozoic subcrop of the 
contact of the Midale subinterval with the Frobisher-Alida interval 
was eliminated from the study area (Fig. 6). 
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Figure 6: Study area location map. Also shown are locations of 
individual wells from which core was examined during this study. 
Study area was defined using lines shown along 99° W longitude 
and 46° N latitude, and north and west state boundaries. Area 
was further restricted on the east by irregular limit of subcrop 
of Midale subinterval basal contact beneath the pre-Mesozoic 
unconformity (from Anderson, 1974). This limit represents 
farthest eastward extent of area in which the Frobisher-Alida 
interval is not erosionally truncated by the unconformity. 
During core selection the study area was subdiv ided into nine 
approximately equal areas using latitudes and longitudes marked 




The procedure used in this study consisted of two phases of 
statistical analysis: first, lithofacies identification, and then, 
cyclicity analysis. In addition, a very specific data collection 
procedure was designed to maximize t h e validity of the statistical 
methodology. The lithofacies definition procedure utilized 
similarities calculated from binary data to obtain sample groups by 
c luster analysis. The sequence of lithofacies was then examined for 
cyclicity by Markov, substitutability, and entropy analytic 
techniques. 
The individual techniques used in this study have been used 
before . The work of May and Jones (1982) most closely resembles the 
method used here; they analyzed a carbonate sequence using cluster 
analysis to obtain facies and tested the sequence of facies for 
cyclicity using embedded Markov, mutual subst i tutability, and entropy 
analyses. The study presented here employed these same techniques . 
The exact methodology differed, however, in very significant details. 
For example, May and Jones used percentage data rather than the more 
quickly collected binary data of this study. Furthermore, t his study 
used a type of embedded Markov analysis that is more appropriate than 
that of May and Jones and has objective criteria for termination of 
mutual substitutability analysis. Thus, even the work in the 
literature most nearly approaching the method of this study differs 
in a variety of details including some essential to the statistical 
significance of the methodology and, therefore, of the resulting 
conclusions. The method used here has been developed as a single 
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integrated procedure to permit rapid statistical evaluation of 
cyclicity in carbonate sequences (Hoff and LeFever, 1987b). It 
differs, therefore, from earlier work that commonly appears to have 
employed any available or convenient statistical techniques without 
consideration of their appropriateness to the procedure as a whole. 
Sample Selection 
The distribution of subsurface cores within the Williston Basin 
is neither areally nor stratigraphically random, and therefore no 
random selection of wells was attempted. Instead, well cores were 
chosen to maximize stratigraphic coverage and areal distribution. In 
addition, two further considerations used in selection of core were: 
1) to minimize the number of breaks in the observed succession in 
order to maximize the number of transitions, and 2) to achieve the 
maximum amount of uniformity in sample preparation and data 
collection. To satisfy these various criteria, the study area was 
divided into nine approximately equal areas bounded by the latitudes 
and longitudes indicated by tick marks on Figure 6. The cored wells 
in each area were examined in order of decreasing length of available 
core. Cores selected for examination were chosen from a subset of 
cores with the best stratigraphic coverage in each area. The cores 
used were the most continuous and in the best possible physical 
condition. The well locations of the 12 cores used in this study are 
shown in Figure 6. The relative core lengths and their approximate 
stratigraphic coverage can be seen in the stratigraphic cross-section 
(Fig. 7). Locations and legal information for the 12 wells from 
which core was used in this study are given in Appendix A. 
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Figure 7: Stratigraphic cross section. Cross section A-A' includes 
twelve wells used in this study. Each column is labeled at the 
top with NDGS well number; on the right are the subsurface 
depths (in feet), on the left are the numbers of the lithologic 
units bounding major breaks in core and stratigraphic horizons. 
Core segments used are shaded; all breaks in core are shown. 
Stratigraphic horizons shown are lithologically defined 
formational boundaries between Lodgepole and Mission Canyon 
Formations and between Mission Canyon and Charle s Formations, as 
well as boundaries between the informal subsurface units: 
Tilston interval, Frobisher-Alida interval, and Midale sub-
interval. Also shown is horizon used to divide the Frobisher-
Alida interval into upper and lower halves. This horizon is 
picked on differing markers in different parts of the basin 
since none is continuous over the entire study area. Horizontal 
scale is for index map only. 
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Because the objective was the examination of cyclic changes 
between facies, samples were taken from each visually distinguishable 
lithologic unit rather than at random or fixed intervals. Samples 
were as large as possibl e; a slab cut the full width of the core 
(usually 4 or 5 inches, about 10 or 12.5 centimetres) and 1 to 4 
inches (about 2.5 to 10 centimetres) long was the norm. Where 
changes in lithology were relatively far apart (usually greater than 
2 metres), several portions of the lithologic unit were sampled and 
all samples were examined during the counting procedure. 
Lithofacies Definition 
Lithofacies definition consisted of: 1) collection of binary 
data, 2) calculation of similarities between samples, and 3) 
clustering of the samples on the basis of the similarity values. 
Lithofacies definition using binary data and ~lustering techniques 
was chosen in order to avoid the subjectivity inherent in the usual 
methods of assigning samples to specific facies. The method of 
facies definition discussed here has an important advantage over 
usual methods: it produces the limited number of discrete states 
required to perform cyclicity analysis. The small number of facies 
prevents matrices from becoming unwieldy. 
Binary Data 
In statistical uses, non-metric (binary) data has been shown to 
yield results comparable to those of metric data (Gill and Tipper, 
1978). Binary (presence-absence) data are used because their 
collection is much faster than point counting (which generates 
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percentage data), and permits the examination of a sufficient number 
of samples to generate large transition frequency matrices for 
cyclicity analysis. 
The choice of characteristics to use in binary data collection 
is an important consideration. No feature may be weighted more than 
any other and characters must be defined in a mutually exclusive 
manner. For example, the two characters, "large brachiopods" and 
"productid brachiopod" should not be used together because a single 
feature, i.e., a large productid brachiopod, would be counted twice. 
This effectively weights large productid brachiopods as twice as 
important as other characters and affects the calculated 
similarities. In particular, general categories should be examined 
closely to insure that there is no overlap of characters that might 
cause uneven weighting. 
During microscopic examination of the e t ched samples, 46 
compositional components were counted on a presence-absence basis 
(Table 3). Since the overall purpose was the study of cyclicity 
arising out of changes in the depositional environment, characters 
were chosen that reflect depositional conditions. The features 
counted were mostly grain types, fabrics, and sedimentary structures. 
Most studies which have used statistical techniques to group 
carbonate samples into lithofacies have emphasized lithologic 
components, particularly grain, biocLast, and mineral types (Imbrie 
and Purdy, 1962; Purdy, 1963; Buchbinder, 1975; Leeder, 1975; 
Fewtrell, 1979; Rao, 1980; May and Jones, 1982). Sedimentary 
structures and fabrics have also been employed. Such features have 
been used successfully for qualitative lithofacies definition in 
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TABLE 3.--Compositional components used in study 




composite coated grain 
pellet/peloid 
intraclast 
irregular vuggy intraclast 
lithoclast 
Fabric characteristics: 
fenestrae or sheet cracks 
crust or hardground 
lamination 



























micrite in matrix 







dominantly silicic las t ic 
mosaic or ·nodular-mosaic sulfate 
massive sulfate 
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cyclicity studies (Allen, 1970), and textures and fabrics have been 
used in quantitative facies definition procedures on carbonate 
successions (Ekdale and others, 1976; Radke, 1976; Smosna and 
Warshauer, 1979). A few ear l y diagenetic features, commonly 
considered to be related to depositional processes, have also been 
included among the lithologic components used i n this study. For 
example, microstylolites have been used as a component because they 
are commonly a product of early physical compaction of uncemented 
soft carbonate sediment (Shinn and Robbin, 1983). 
Previous studies employing statistical techniques for facies 
identification have differed widely in the number of components 
employed. The question of the minimum and maximum number of 
variables needed and permissible, respectively, has been addressed by 
workers using cluster analysis for biostratigraphy or paleontology. 
Archer and Maples (1987) demonstrated t hat use of too few 
variables may produce similarity values whose significance can not be 
evaluated. They also found that the minimum number of variables 
required is dependent upon the choice of similarity coefficient. The 
minimum number of components needed for an analysis significant at 
the 95 percent confidence level ranged from around 30 to 10 
variables. Most of the workers, cited above for their use of 
quantitative facies analysis, employed between 10 and 20 variables . 
In only a few studies of carbonate lithofacies have a sufficient 
number of variables been used such that the statistical significance 
of the results is probable (Jaquet , 1973, 40 components; Buchbinder, 
1975, 26 components; Smosna and Warshauer, 1979, 34 components ) . 
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These considerations led to the use of 46 components in this study 
(Table 3). 
A final constraint upon the choice of variables was the 
avo~dance of sparseness in the data set (Maples and Archer, 1988). 
This condition arises when many of the components used have mutually 
exclusive occurrences and, thus, define facies as much by their 
rarity in other samples as by their presence in samples within a 
cluster. The use of such components also results in the presence of 
a small number of variables per sample; according to Archer and 
Maples (1987) this is a condition under which analytical results can 
not be statistically evaluated. This problem was avoided in this 
study by inclusion of components that are quite common throughout the 
Madison Group. Examples of such common variables include the 
presence of brachiopod, echinoderm, or bryozoan fragments; micrite or 
dolomite; microstylolites, stylolites, or pyrite; and ooids, nodular 
algae, or peloids. Furthermore, during analysis of the largest data 
sets (involving data from more than one core) several of the rarest 
components were dropped. Although this was primarily in order to 
reduce the data set to a manageable size, the choice of which 
components to remove was governed by the sparseness criterion. 
Calculation of Similarities 
In this study, similarities between samples were calculated 
using the phi association coefficient (Fig. 8). Hohn (1976) examined 
the performance and theoretical bases of various binary coefficients, 
and concluded that the phi coefficient was a preferred measure of 
association because of its relationship to the chi-square statistic. 
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Figure 8: Phi coefficient and variables used in its calculation. 
Measured association of two samples (objects A and B) is based 
on two,way contingency table for presence-absence data (source 
of variables a, b, c, din phi coefficient equation). X
2 
is 
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Two advantages arise out of this chi-square relationship. The first 
is its utility in the statistical evaluation of results; the 
coefficient provides a rigorous criterion for the evaluation of the 
significance of the association of samples into clusters during 
cluster analysis. 
The second advantage relates to a problem which arises with the 
use of binary data when there are characters of varying degrees of 
commonness within the sampled population. As discussed above, 
commonly occurring characters are used to avoid problems with 
statistical evaluation of groups primarily defined by relatively rare 
characters. However, when using such characters as components, 
comparison of samples may yield a relatively large number of matches 
and hence a high calculated similarity between samples containing the 
common components. Such matches may be due t o essentially random 
distributions of the common characters rather than to any greater-
than-random occurrence in the samples. Hohn ( 1976) argued that 
since, for example, a biostratigraphic study will not have sampled 
the entire range of abundant taxa nor have detected all occurrences 
of rare taxa, a ~imilarity coefficient will be meaningful only if the 
total number of characters being used to evaluate association is 
taken into account. This is necessary if the chi-square random 
distribution model is to be used to evaluate significance of 
association in data sets with either very random or abundant 
characters. The phi coefficient (Fig. 8) includes the total number 
of characters (N) as part of the calculation of significance levels 
for association. 
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Arguments by Hohn (1976) concerned the conceptual 
appropriateness of the phi coefficient in biostratigraphic and 
paleoecologic studies involving the presence of very rare or very 
abundant taxa. Such taxonomic applications are paralleled in facies 
analysis by rare or common lithologic features and Hahn's arguments 
are pertinent. This ability to take abundance effects into account, 
as well as the rigorous criterion provided by the phi coefficient for 
the evaluation of the strength of association, led to its adoption as 
part of the methodology of this study. 
Clustering 
During clustering, the unweighted pair-group method using 
arithmetic averages (UPGMA; Sokal and Michener, 1958) was performed 
on the similarity matrices generated from bina ry data using the phi 
coefficient. Unweighted clustering was chosen because this method 
generally produces the least distortion of similarities during 
successive calculations (Hazel, 1970). Distortion is inevitable due 
to recalculation of the similarity matrix as clustering proceeds, 
particularly with large data sets. The cophenetic correlation 
coefficient, developed by Sokal and Rohlf (1962), was used to 
evaluate the relative amount of distortion of the similarities 
produced by various clustering routines (Davis, 1986). UPGMA 
minimizes distortion and, therefore, maximizes the cophenetic 
correlation coefficient (Sneath and Sokal, 1973, p. 278); this was of 
special concern as this study dealt with moderately large data sets. 
Use of the phi coefficient to generate similarities permits 
objective evaluation of the statistical significance of the resulting 
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clusters. This is accomplished by selection of the desired level of 
statistical confidence for significance of the association of samples 
into clusters and, then, calculation of the corresponding phi 
coefficient value from the chi-square relationship (Fig. 8). This 
value was 0.29 at the 95 percent and 0.38 at the 99 percent 
confidence levels for clustering on 46 lithologic components. A line 
representing this chosen level of the significance of association can 
simply be drawn on the dendrogram (Hohn, 1976). In this study, the 
95 and 99 percent confidence lines were drawn on the dendrogram (for 
example, Fig. 9). Clusters that join at similarity values less than 
the 95 percent level were considered to be statistically distinct 
from one another. Subordinate clusters--those joining between the 95 
and 99 percent levels--are significant subsets of larger clusters. 
Individual samples that join clusters at similarity levels below the 
95 percent line were not considered to be members of significant 
groups and, therefore, did not belong to any of the lithofacies being 
defined by the clustering procedure. Such samples are given a facies 
number of zero and are treated as missing data by the cyclicity 
examination procedures. 
All three of these phenomena can be seen in the example 
dendrogram (Fig. 9). Samples 111 to 209 (lower portion of diagram) 
form a cluster, joining at similarity levels greater than the 95 
percent value of 0.289. Sample 42 is linked to this cluster at a 
similarity less than the 95 percent value and, therefore, is not 
assigned to any facies. Similarly, the samples in the upper portion 
of Figure 9 form another cluster. 
so 
Figure 9: Example of dendrogram and use of confidence lines. 
Portion of dendrogram produced by clustering 240 core samples 
from NDGS 1262. Vertical dashed lines represent 95 and 99 
percent confidence levels for data sets with 46 variables. 
Solid lines crossing broken lines in dendrogram represent 
linkages formed during later clustering steps than those 
represented by the broken lines. The clusters joining at a 
level of similarity less than the 95 percent va lue are 
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A problem arises with use of this procedure on the largest data 
sets, especially those in which there are many samples within a 
single lithofacies and, hence, clustered together. Evaluation is 
difficult "because of averaging of coefficient values during 
clustering and construction of a dendrogram" during which later 
linkages (of individual samples) to larger clusters "may represent 
averages of coefficients corresponding to both significant and non-
significant association" (Hohn, 1976, p. 145). 
This averaging effect is displayed on the dendrogram where 
linkages at low levels of similarity are followed by later clustering 
steps that link at higher similarity values. The linkage of 
lithofacies one and two in Figure 9 is of this type. The two 
subordinate clusters of lithofacies one (212 to 9 and 154 to 185) 
have joined each other at a similarity level greater than that of 
preceding steps. Lithofacies one is then joined to lithofacies two 
with a similarity value of 0.560, a value grea ter than that of 
preceding clustering steps. When this occurs after clusters or 
samples have joined at a level below the 95 percent significance 
line, the clusters, as discussed above, are considered distinct. 
However, with large data sets in which there is a high degree of 
lithologic similarity, the averaging effect may cause the sudden 
shifts to linkage at higher similarity values to occur before 
similarity values drop near the 95 percent cut-off value and, indeed, 
before dropping to the 99 percent level. In situations where very 
large numbers of samples (more than 100 for example) are grouped in 
apparently significant clusters due to the averaging effect, the 
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large clusters may be broken into subordinate groups where these 
linkages at suddenly higher similarity values occur. 
Lithologic descriptions of the significant clusters are 
obtained by evaluation of the compositional characteristics that are 
most commonly present and absent in the samples within each cluster. 
The clusters are statistically s i gnificant separate groups with 
distinct lithologic identities; they thus satisfy the definition of 
lithofacies. Subordinate clusters provide a useful indication of the 
extent of lithologic variability within lithofacies. The distinct 
lithofacies defined by cluster analysis can be used as the mutually 
exclusive states for subsequent cyclicity analysis. During cluster 
analysis each sample is assigned to one of these lithofacies; the 
sequence of lithofacies in the succession is derived from the sample 
sequence. This sequence of lithofacies can then be examined for 
cyclicity. 
Cyclicity Analysis 
Cyclicity analysis consists of the iterative use of Markov and 
mutual substitutability analyses, followed by examination of the 
entropy state of the terminal facies relationships. 
Markov Analysis 
First-order embedded Markov analysis is used to examine a 
succession for the dependence in the occurrence of states 
(lithofacies) upon the occurrence of preceding states. This 
dependence, being repetitive and orderly, can be interpreted as 
cyclicity. 
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Markov analysis is begun by constructing a matrix (T . ) tallying 
1J 
the number of transitions from each state i to each state j within a 
succession. This study uses Markov analysis to determine dependence 
of lithofacies upon the occurrence of the underlying lithofacies. 
Therefore, the tally matrix is constructed for upward transitions 
from state i to state j. 
Embedded Markov analysis is used for Markov chains restricted 
by the condition that no state may follow or precede itself. Since 
the data for this study consists of successions of differing 
lithologies, an embedded tally matrix was produced in which, because 
of the aforementioned condition, the diagonal cells (i - j) are 
forced to zero. In addition, the above constraint ( i ~ j) means that 
a statistical model of independence is not valid since some 
transitions are impossible. For this reason, the quasi-independence 
model and testing procedure of Powers and Easterling (1982) has been 
used. 
Powers and Easterling (1982) proposed an iterative procedure to 
calculate the matrix of expected values. These expected values 
represent the number of transitions expected from a succession 
without a Markov property and having the same row and column totals 
as the tally matrix of observed values. Because row and column 
totals must be preserved as well as the total number of transitions, 
and the diagonal cell values are constrained to be zero, the matrix 
cannot be derived directly but is obtained by i terative calculation 
of matrices of intermediate parameters, A and B, until their values 
i j 
converge upon a predetermined level of variation. These sets of 
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parameters are then multiplied to obtain the matrix of expected 
val ues, E: 
E - AB 
ij i j 
i .,. j 
0 i - j 
These parameters are calculated as follows: 
Initial Estimates: A <l> R -i 
(m-1) 
B Cl> C -j 
A O> 
i 








where R is the row sum of the cells in the i t h row of the tally (and 
i 
expected value) matrix, C the column sum for the jth column, and m 
j 
is the number of states. The computer program employed (LeFever, in 
press) uses 1 percent variation in the values of all cells in A and B 
for successive iterations as the convergence criterion. 
The expected value matrix obtained by this iterative procedure 
is used with the tally matrix of observed transition frequencies (T 
ij 
- 0 ) to calculate a chi-square statistic (x2 ): 
ij 
m m 
/. i~l J!:1 (OiJ- EiJ /; i "' j 
E 
ij 
The chi-square has (m-1)
2
-m degrees of freedom. Comparison is made 
to the tabulated value of chi-square with the same degrees of freedom 








tabled chi-square statistic then the null hypothesis of a succession 
with no Markov property is rejected. 
A further step in the method of Powers and Easterling (1982) is 
to use a matrix of normalized differences as previously suggested by 
Haberman (1973) and Turk (1979), as a means of identification of the 
transitions between states that most likely contribute to the 
presence of the Markov property. The matrix of normalized 






Normalized differences have an approximately standard normal 
distribution. Cells in the normalized difference matrix with Z 
values of 2.0 or more indicate transitions that occur, with a 95 
percent level of confidence , significantly more often than expected 
in a random succession. These transitions are, therefore, the 
probable source of Markov property. 
The results of Markov analysis are two-fold. First, the 
presence or absence of cyclicity within the tested sequence is 
determined. The tendency toward cyclicity is the Markov property. 
The second product of Markov analysis is obtained by use of the 
normalized difference matrix, and consists of one or more ordered 
sequences of lithofacies that most probably are responsible for the 
presence of the Markov property. These repetitive sequences of 
lithofacies are, of course, expressed within the matrix but are more 
conveniently summarized by a type of flow chart called a facies 
relationship diagram (Raaf and others, 1965). The facies 
relationship diagram (Fig. 10) depicts the litho logic character of 
(7) 
57 
Figure 10: Example of a facies relationship diagram. Schematic 
representation shows the lithofacies involved in cyclicity and 
nature of cyclic relationships between such lithofacies 
( indicated with arrows). For each lithofacies depicted on a 
diagram , symbols are used to summarize dominant lithologic 
character (see Fig. 11) . Characteristics may include organic 
and inorganic grains, sedimentary structures, and diagenetic 
features, as well as primary composition (limestone, dolostone , 
sulfate, etc.). Lithofacies number is shown above lithologic 
depiction to the left, and the probable Dunham (1962) texture or 
textures to the right below. Lithologic components appear three 
times in the depiction if the component was present in more than 
90 percent of lithologic units clustered as that facies. 
Components shown twice occurred in 70-90 percent of lithologic 
units in the cluster, those shown once in 50-70 percent of the 
units. Arrows indicate lithofacies transitions that occur more 
often than expected in a random succession. Arrows point from 
underlying lithofacies to overlying lithofacies. 
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the lithofacies involved in the cyclicity, as well as the direction 
of transitions between pairs of facies, i.e., which are overlying and 
which are underlying facies. The key to the lithologic symbols is 
included as Figure 11. 
During the performance of Markov analysis, the validity of the 
analysis must be evaluated by examination of the matrix of expected 
values. The chi-square test is used to compare the observed and 
expected-value transition frequency matrices (Eq. 6). Most workers 
have followed the early assumption that, like other chi-square tests, 
this necessitates that there be an expected value of at least five in 
each category and that each matrix cell is a category (for example, 
Davis, 1986, p. 154 ). This early rule of thumb is considered by many 
current workers to be overly conservative (Fienberg, 1980). 
Theoretical considerations and tests of simulated data sets have led 
to a common conclusion that the minimum accep t able expected value is 
1.0 transition per cell. But there seems to be little agreement as 
to the proportion of cells that must have expected values of greater 
than 5. In the literature, the criterion ranges from two-thirds of 
cells to no cells required to have values greater than 5 (Miller, 
1983, provided a literature review of the various criteria used). 
A second means of establishing the validity of Markov analysis 
for use on a specific tally matrix is to evaluate the average cell 
density rather than the absolute cell values. In this approach the 
cell transition density is evaluated by looking at the size of the 
total number of transitions (N) in a sequence relative to the number 
of states, with the proviso that all cell values be greater than 1.0. 
Fienberg (1980, p. 173) concluded that the criterion that N be at 
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Figure 11: Key to symbols used on facies relationship diagrams. 
Shown are symbols for lithologic composition (upper right), 
lithologic components, and lowercase letters symbolizing 
probable Dunham (1962) texture (lower right). This symbol key 
is to be used for all facies relationship diagrams that follow. 
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least equal to 4 or S times the number of cells in the matrix was 
sufficient in cases primarily concerned with "goodness-of-fit tests 
such as chi-square." 
This study addressed the problem discussed in the previous 
paragraphs by examining the transition tally matrix for individual 
cores at each step of the iterative cyclicity procedure for those 
states that prevent: 1) a minimum expected value of greater than one 
in all cells to be achieved, and 2) the expected value matrix 
produced during the last iterative step from meeting Fienberg's 
criterion of N - 4 to S times the number of cells. One of the ways 
this was done was to remove rare states of only one transition from 
the tally matrix, prior to the first cycle of Markov analysis. 
Another was to remove states that had relatively few total 
transitions by comparison with the other rows or columns in the 
matrix. This was not always necessary, howeve r, because these facies 
were commonly combined with other facies as a result of 
substitutability analyses. 
Substitutability Analysis 
A substitutability analysis is performed with each iteration of 
Markov analysis . Substitutability analysis was introduced into the 
geologic literature by Davis and Cocke (1972) and employs matrices 
derived from the tally (transition frequency) matrix produced for 
Markov analysis to identify pairs of states that occur in a common 
sequential context. 
Mutual substitutability analysis was chosen from among the 
substitutability procedures because it indicates the pairs of states 
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that are likely to occur between the same preceding and succeding 
states and, thus, seems the best indicator of true similarity of 
sequential context. To produce the matrix of mutual substitutability 
values between all possible pairs of states (lithofacies), both 
upward and downward transition frequency (tally) matrices must be 
compiled. A matrix of left (overlying) substitutability is derived 
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k is the probability of the transition from state i upward to 
k, and Pjk is the probability of the transition from j upward to k. 
The matrix of right (underlying) substitutability is derived from the 
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Mutual substitutability values are obtained by multiplication of the 
left and right substitutability matrices: 
SM - SL SR 
ij ij ij 
Mutual substitutability values range from 0.0, or no 
substitutability, to 1.0, or complete substitutability. 
(11) 
(12) 
Substitutability analysis may be used simply to identify states 
that tend to overlie or underlie other states, or do both (Doveton 
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and Skipper, 1974; Allen, 1982). However, a more common use has been 
to simplify the cyclic relationships obtained from first-order Markov 
analysis by reducing the overall number of states via the merging of 
pairs of states with high substitutability values. For this purpose, 
authors have variously used mutual (May and Jones, 1982) and left 
(incorrectly designated as right substitutability in Davis and Cocke, 
1972) substitutabilities. Although Davis and Cocke concluded that 
"right" (left) substitutability was preferred because it succeeded in 
more simplification of the succession than did mutual 
substitutability, I believe that their original rationale (p. 34) is 
more appropriate and, therefore, mutual substitutability should be 
used when the objective is to simplify cyclic processes. 'When used 
in cycle description, it is not merely a determination of the 
similarity of pairs of facies that is desired, but t heir similarity 
within a cyclic context. Thus, the transitions to, as well as from, 
other states must be considered. This contextual requirement is 
better met by mutual substitutability, as it is derived from both 
upward and downward transition frequency matrices. 
An additional problem with previous geologic applications of 
substitutability analysis has been the lack of discussion and 
explanation of threshold values used for the discr imination of 
significantly versus non-significantly substitutable pairs of states. 
Because of the lack of a rigorous statistical basis for 
substitutability analysis, workers must rely on educated judgment or 
empirical tests of substitutability behavior to determine threshold 
values. Although there has been little discussion of the bases of 
their specific choice of values, most workers appear to have used 
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relatively conservative (high) values in the identification of 
substitutability (Doveton and Skipper,1974; Allen, 1982; May and 
Jones, 1982). In contrast, in the paper that introduced the use of 
substitutability to geologic problems,, Davis and Cocke (1972) 
continued combination of states to very low levels of 
substitutability (less than 0.3-0.4 relative to a maximum value of 
1.0) and appear to have stopped when they had arrived at a cyclic 
model that fitted preconceived notions. Rosenfeld and others (1969), 
from whom Davis and Cocke (1972) adopted the method, used a 
combination of high left and right substitutability and low mutual 
substitutability to examine strings of text for substitutable pairs 
of words. They empirically evaluated the operation of several 
combinations of threshold values on their linguistic data to identify 
the most effective termination criteria. 
Tests of substitutability in simulated symmetric and asymmetric 
successions indicate that relatively high threshold values (about 
0.70) will correctly identify pairs of lithofacies that have 
significantly higher mutual substitutability values than expected for 
a sequence without substitutability (R. D. Lefever, pers. comm., 
1988) . Mutual substitutability values of greater than or equal to 
0.70 will indicate pairs with real substitutability with 95 percent 
confidence or better. The cyclic nature of a succession is not known 
prior to cyclicity analysis. Therefore, a threshold value must be 
able to reliabl y indicate mutually substitutable pairs for differing 
types of cyclic successions with different degrees of Markov 
property. A high and conservative value will not indicate all 
probable substitutable facies pairs in all types of successions but 
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will identify, with greater than 95 percent confidence, the most 
highly substitutable lithofacies for the full spectrum of sequence 
types. Therefore, a mutual substitutability threshold value of 0.70 
was used in this study. 
Substitutability analysis is used to reduce the number of 
states after each iterative use of first-order embedded Markov 
analysis. This may have the salutary effect of combining states that 
are represented by relatively few transitions, and is preferable to 
the arbitrary combination or deletion of rows in the transition 
matrix to increase cell values. States involved in a minimal numbers 
of transitions, especially relative to the other states present, 
would probably best be removed from the analysis altogether. It was 
observed, for example, that during entropy analysis such states 
contributed to a very large portion of the sca tter in entropy 
patterns. 
The iterative use of Markov and substitutability analyses is 
continued until one of a set of conservative termination criteria is 
met. The procedure is terminated: 1) if previously significant 
Markov property is lost, i.e., if the chi-square value is no longer 
significant at the 95 percent level; 2) if no more pairs of facies 
are substitutable using the threshold criterion of 0.70; or 3) if 
transitions which were previously found to contribute to the Markov 
property are lost. When the first and third criteria are 
encountered, the previous cycle of the analysis is used as the final 
model for the data set. The relationships found by substitutability 
and Markov analysis in the final cycle of iteration were summarized 
by a facies relationship diagram. 
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Entropy Analysis 
As a final step in the analysis, the transition matrices 
obtained from the final iteration of Markov and substitutability 
analyses were examined using the entropy procedure of Hattori (1976). 
Entropy in a stratigraphic unit is a measure of the degree of mixing 
of different lithofacies (or other rock components) in the unit 
(Pelto, 1954; Bates and Jackson, 1987). Applied to a sequence this 
translates into a measure of the mixing of units, or homogenization 
of their vertical distribution, within the stratigraphic sequence. 
In this sense, it can be considered similar to the concept of entropy 
from thermodynamics and may be thought of as a measure of the degree 
of randomness within a succession. 
Using the method described by Hattori (19 76), ·relative entropy 
values were calculated for each state, or lithofacies, from both 
upward and downward transition probability matrices (Eq. 8, Eq. 10). 
This yielded an entropy value for each state prior to its deposition 
(pre-state entropy) that represents its tendency to be proceeded by 
other states, as well as an entropy value for each state after 
deposition (post-state entropy) representing the tendency of the 
lithofacies to be followed by each of the other states. 
Pre-state entropy values are calculated from the downward 
transition probability matrix: 
where Q is the downward transition probability matrix, n is the 
i j 
number of states, and qi j is a cell value within the matrix . 
(13 ) 
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Similarily, the post-state entropy values for each state are derived 
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(14) 
Entropy values will vary from system to system as the number of 
states vary. To permit comparison of entropies for successions in 
which differing numbers of lithofacies are present , the absolute 
(pre) (post) • 
entropy values, E and E are converted to relative entropy 
values that vary between fixed limits of 0.0 and 1.0. Sequences with 
high relative entropy values (1.0) are random and sequences with an 
entropy of zero are completely ordered. Relative entropies are 
obtained by division of absolute entropies by the maximum entropy 
possible within a system of the given number of states n. This 
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The relative pre-state and post-state entropies were cross-plotted; 
their pattern was then compared to the series of plots by Hattori 
(1976) of theoretical entropy patterns from different types of cyclic 
successions (Fig. 12). The type of cyclic pattern present overall in 
the succession under study was then determined. 
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Figure 12: Possible patterns of entropy distribution of individual 
states within cyclic successions (Hattori, 1976). Types A-1 
through A-4 are varieties of asymmetric successions. Type Bis 
characteristic of dominantly symmetric successions and C is the 














Entropy analysis permitted identification of the dominant t ype 
of cyclicity present within a succession. The three main cyclic 
patterns possible are: symmetric, asymmetric, and random or non-
cyclic successions (Fig. 12). In addition to determining the entropy 
of individual states (lithofacies), the entropy for the entire 
sequence can also be calculated. (system) This system entropy, E • 
reflects randomness in the sedimentation process that produced the 
sequence (Hattori, 1976). 
System entropy is calculated from a matrix of transition frequencies 
in which the number of transitions in each cell in the tally matrix 
is normalized for the total number of transitions: 
\j - ci/F, (18) 
where Fis the total number of transitions, c is the number of 
ij 
transitions in cell iJ·; r is the normalized cell value in cell iJ. 
ij 
of matrix R 
i j 
(:system) 
In this study, the system entropy, E , was normalized relative 
to the range of its possible limits: - log 1/n and -log l/n(n-1 ). 
Th f h 1 . R ( system ) • b ere ore, t ere ative system entropy varies etween an 
entropy value of 1.0 (completely random) and 0 . 0 (completely 
ordered): Results of entropy analysis were compared to those of 
Markov and substitutability analysis during examination of the final 




One further statistical procedure was used in this study. The 
homogeneity procedure of Powers and Easterling (1982) was used to 
compare the individual transition matrices from portions of core that 
were combined to produce the group data sets. Homogeneity between 
laterally equivalent sequences is analogous to stationarity in a 
vertical sequence. The null hypothesis for the homogeneity test is 
that the transition probability of the transition from state i upward 
to state J. in the Tth matrix, P , is the same for all t, l to T, 
tij 
where Tis the number of embedded matrices being tested. 
A summation matrix, S. , is constructed by summing the 
lJ 
transition frequency values of equivalent cells, ij, over all of the 
individual matrices being compared. Expected value matrices are 
constructed for each of the individual matrices: 
where sij is the transition frequency (tally) total in the summation 
matrix for cells ij from 1 to T, R. is the row total for the ith row 
l 
in the individual tally matrix, and R is the row total for the ith 
ti 
row of the summation matrix. 
The chi-square statistic used to evaluate homogeneity is the 
sum of the chi-squares for all of the individual matrices, 1 to T. 
(20) 
It has (T-l)(m-2)m degrees of freedom, where mis the number of 
states. As in Markov analysis, if the null hypothesis of homogeneity 
of the transition probabilities between matrices is rejected, Z 
matrices of normalized differences may be constructed to identify the 
source of non-homogeneity between the matrices in a group. 
RESULTS 
The basis of this study was detailed lithologic information 
compiled from extensively sampled cores from 12 wells in the North 
Dakota portion of the Williston Basin. The data were collected in 
order to distinguish lithofacies and examine stratigraphic cyclicity 
at the localities represented by the individual well cores, and 
within specific stratigraphic intervals over larger areas. Thus , the 
analyses have been performed from two perspectives: analysis of 
individual cores, and analysis of samples from selected stratigraphic 
intervals in cores from groups of wells. In this section the results 
of the analyses of individual well cores are presented and discussed. 
Preliminary results of this project have been reported in Hoff (1987) 
and Hoff and Lefever (1987a). 
Individual Well Core Ana l vs es 
The first analysis presented will be that of NDGS 1059. This 
data set was one of the easiest to analyze and the results are among 
the most clearly· interpreted. Therefore, the cyclicity procedure and 
results from this core wil l be presented in more detail than will the 
remaining 11 data sets. It is hoped that this will illustrate the 
actual steps in the cyclicity procedure and the exact nature of the 
data used . The remaining 11 individual cores will be discussed in 
order of their occurrence along a line from NDGS 1059 toward the 
center of the Williston Basin , and then those occurring from nor t h t o 
south along the southeastern margin of the study area ( Fig. 6). The 
raw binary data for all components in all successive lithologic units 
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from each of the 12 wells are presented in Appendix B. The 
lithofacies assignments of each lithologic unit that was obtained by 
clustering is also recorded in Appendix B. The cores will be 
referred to by NDGS (North Dakota Geological Survey) well number. 
NDGS 1059 
Cluster analysis of samples from NDGS 1059 (Sohio-Walsh No. 1) 
produced 6 clusters, defined with 95 percent statistical confidence, 
which can be interpreted as lithofacies. Two samples were not 
grouped with any of the 6 significant clusters and were, therefore, 
given the lithofacies designation "zero", as were breaks, or missing 
footage, of core. The tally matrix shown in Figure 13 was 
constructed by counting the number of upward transitions from one 
state, or lithofacies, to another in the lithofacies succession. 
Note that the cell values on the diagonal representing the transition 
of one state to itself (by definition forbidden during embedded 
Markov analysis) are all zero. The row and column totals indicate 
that no transition type is present less than four times; there are, 
therefore, ·no rare states present. There is a total of 70 
transitions between differing lithofacies present in this succession 
of 225 lithologic units. 
The pertinent matrices of the first iteration of cyclicity 
analysis have been assembled as Figure 13. The upward transition 
probabilities were calculated from the tally matrix. The expected 
value matrix was then constructed and displays the number of 
transitions expected from a random sequence having the same column 
and row totals as the observed succession of the tally matrix. The 
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Figure 13: Pertinent matrices from first iteration of cyclicity 
analysis of NDGS 1059. Upper portion from tally matrix to chi-
square value is from Markov analysis; mutual substitutability 
matrix is from substitutability analysis. 
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NDGS 1059 - First Iteration 
TALLY MATRIX 
To 
1 2 3 4 5 6 
1 0 0 1 3 0 8 12 
2 0 0 1 3 2 4 10 
From 3 0 2 0 0 0 2 4 
4 7 1 1 0 0 7 16 
5 0 2 0 0 0 2 4 
6 6 5 1 9 3 0 24 
13 10 4 15 5 23 70 
UPWARD TRANSITION PROBABILITIES 
To 
1 2 3 4 5 6 
1 0.00 0.00 0.08 0.25 0.00 0.67 
2 0.00 0.00 0.10 0.30 0.20 0.40 
From 3 0.00 0.50 0.00 0.00 0.00 0.50 
4 0.44 0.06 0.06 0.00 0.00 0.44 
5 0.00 0.50 0.00 0.00 0.00 0.50 
6 0.25 0.21 0.04 0.38 0.13 0.00 
EXPECTED VALUE MATRIX 
To 
1 2 3 4 5 6 
1 0.00 1. 69 0.62 2 . 82 0.78 6.08 
2 1. 81 0.00 0.50 2 . 24 0.62 4.83 
From 3 0.67 0.50 0.00 0.83 0.23 1. 78 
4 3.18 2.36 0.87 0.00 1.09 8.50 
5 0.67 0.50 0.18 0 . 84 0.00 1.80 
6 6.67 4.95 l. 83 8.27 2.28 0.00 
Z MATRIX 
To 
1 2 3 4 5 6 
1 0.00 -1.30 0.48 0.11 -0.88 0.78 
2 -1.34 0.00 0. 72 0.51 1. 75 -0.38 
From 3 -0.82 2.14 0.00 -0.91 -0.48 0.16 
4 2.14 -0.89 0.14 0.00 -1.04 -0.51 
5 -0 .82 2.12 -0.43 -0.91 0.00 0.15 
6 -0 .26 0.02 -0.61 0.25 0.47 0.00 
CHI-SQUARED= 29.11 OF - 19 
MUTUAL SUBSTITUTABILITY MATRIX 
1 2 3 4 5 6 
1 1.00 
2 0.61 1. 00 
3 0.46 0.27 1.00 
4 0.39 0.41 0.43 1. 00 
5 0.36 0.37 0.69 0.52 1. 00 
6 0.12 0.11 0.23 0.12 0.05 l. 00 
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observed and expected transition matrices were used to compute the 
chi-square statistic for this succession. The chi-square value of 
29.11, with 19 degrees of freedom, is greater than the critical chi-
square value for 90 percent confidence, but not greater than the 
value for 95 percent confidence which was the level chosen for this 
study. An observed chi-square value greater than the tabulated 
critical value indicates the deviation of the observed sequence from 
a random succession. Specifically, the null hypothesis of a random 
succession, one lacking Markov property, is rejected at the 90 
percent confidence level. Thus, we know that the succession 
possesses a weak tendency for some states, or lithofacies, to follow 
other states more often than expected in a random sequence. 
The normalized difference, or Z matrix was next examined to 
identify lithofacies transitions that probably contribute to the weak 
Markov property. Three transitions with Z va l ues greater than 2.0 
are shown in the Z matrix of Figure 13. These are the transitions 
from lithofacies 4 to lithofacies 1, from lithofacies 3 to 
lithofacies 2, and from lithofacies 5 to lithofacies 2. 
The next phase of cyclicity analysis is mutual substitutability 
analysis. The matrix of mutual substitutability values of all 
possible lithofacies pairs is also included in Figure 13. There are 
no mutual substitutability values greater than or equal to 0.70, the 
chosen threshold value. However, lithofacies 5 and 3 have a mutual 
substitutability of 0.69; in most types of successions this value is 
well above the 95 percent confidence level for mutual substi-
tutability (R. D. LeFever, pers. comm., 1988). Therefore, these two 
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lithofacies will be combined to permit a second iteration of 
cyclicity analysis. 
The perti nent matrices for the second iteration of cyclicity 
analysis in NDGS 1059 are shown in Figure 14. One result of 
combining mutually substitutable lithofacies 3 and 5 is the increase 
of the smal lest row or column total in the tally matrix to 8. This 
results in an increase in cell values in the expected value matrix. 
All cells are now greater than 1.0 and most values are substantially 
larger. Thus, this iteration is characterized by sufficient 
transitions to satisfy most workers in this field that it has met 
those criteria needed for a statistically valid use of Markov 
analysis. 
The chi-square value for this iteration is 25.32 with 11 
degrees of freedom. This value exceeds the tabulated critical chi-
square for the 95 percent confidence level; therefore, the null 
hypothesis of randomness is rejected and the Markov property is 
present. Examination of the Z matrix indicates that the probable 
sources of the Markov property are the transitions from combined 
lithofacies 3 + ·5 to lithofacies 2, and from lithofacies 4 to 
lithofacies 1. This represents no change in the probable cyclicity 
as it was delineated in the first iteration, but the combination of 
lithofacies 3 and 5 did increase the level of significance of the 
Markov property. The mutual substitutability matrix for iteration 2 
contains no lithofacies pairs with values greater than 0.54; 
therefore, no further iteration of the cyclicity procedure was 
indicated. 
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Figure 14: Pertinent matrices from second iteration of cyclicity 
analysis of NDGS 1059. This iteration differs from the first in 
that lithofacies 3 and 5 have been combined. 
30 
NDGS 1059 - Second Iteration 
TALLY MATRIX 
To 
1 2 3+5 4 6 
1 0 0 1 3 8 12 
2 0 0 3 3 4 10 
From 3+5 0 4 0 0 4 8 
4 7 1 1 0 7 16 
6 6 5 4 9 0 24 
13 10 9 15 23 70 
UPWARD TRANSITION PROBABILITIES 
To 
1 2 3+5 4 6 
1 0.00 0.00 0.08 0.25 0.67 
2 0.00 0.00 0.30 0.30 0.40 
From 3+5 0.00 0.50 0.00 0.00 0.50 
4 0.44 0.06 0.06 0.00 0.44 
6 0.25 0.21 0.17 0.38 0.00 
EXPECTED VALUE MATRIX 
To 
1 2 3+5 4 6 
1 0.00 1. 69 1.47 2.81 6.03 
2 1. 80 0.00 1.17 2.24 4.79 
From 3+5 1.42 1. OS 0.00 1. 76 3. 77 
4 3.17 2.35 2.06 0.00 8.42 
6 6.61 4.91 4.29 8.19 0.00 
Z MATRIX 
To 
1 2 3+5 4 6 
1 0.00 -1.30 -0.39 0.11 0.80 
2 -1.34 0.00 1. 69 0.51 -0.36 
From 3+5 -1.19 2.87 0.00 -1.33 0.12 
4 2.15 -0.88 -0.74 0.00 -0.49 
6 -0.24 0.04 -0.14 0. 28 0.00 
CHI-SQUARED - 25.32 OF - 11 
MUTUAL SUBSTITUTABILITY MATRIX 
l 2 3+5 4 6 
l 1.00 
2 0.54 1.00 
3+5 0.43 0.30 1.00 
4 0.39 0.37 0.53 l. 00 
6 0.13 0.16 0.12 0.12 l. 00 
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The cyclic facies relationships derived from the Z matrix are 
depicted in Figure 15. The symbol key for this and future facies 
relationship diagrams is included as Figure 11. The facies 
relationship diagram (Fig. 15) shows the significant upward 
transitions between lithofacies with arrows. The lithologic 
character of each of the lithofacies is also summarized in the 
diagram. In NDGS 1059 two cyclic relationships occur: an upward 
change from interbedded dolostone and sulfate (lithofacies 3 + 5) to 
massive sulfate (lithofacies 2); and a tendency for peloidal and 
ostracod-bearing limestone (lithofacies 1) to overlie calcitic 
dolostone and dolomitic limestone (lithofacies 4). Lithofacies 6, an 
ar.gillaceous dolostone with nodular sulfate, is not involved in the 
cyclicity. 
The two types of cycle show no significant relationships 
between lithofacies in one and lithofacies in the other. This may, 
in part, be explained by separation in the vertical distribution of 
the lithofacies involved in the two different cycles. A plot of the 
subsurface depths of the lithologic units in NDGS 1059 versus their 
lithofacies identities (Fig. 16) shows that there is, indeed, some 
stratigraphic separation between lithofacies. The separation is not 
complete; for example, all lithofacies can be seen to be present in 
the upper Frobisher-Alida interval. 
The final stage of cyclicity analysis is the entropy analysis 
of the succession at the final, in this case second, iteration. The 
lithofacies which possessed cyclic properties form the entropy 
pattern A4 (truncated asymmetrical succession) of Hattori (1976) 
(Fig. 17). This is in agreement with information about cyclicity 
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Figure 15: Facies relationship diagram for NDGS 1059. Parts of 
diagram are as explained in the example of a facies relationship 
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Figure 16: Occurrence of lithofacies relative to subsurface depth 
for all lithologic units from NDGS 1059 . Approximate location 
of tops of the stratigraphic units Midale subinterval [Mid], 
Frobisher-Alida interval [FA], and Mission Canyon Formation (MC] 
are also shown. 
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Figure 17: Entropy diagram for NDGS 1059. Values for relative pre-
pre . post state entropy (R ) and relative post-state entropy (R ) for 
each lithofacies are cross-plotted. Region of Hattori pattern 














derived by Markov analysis which indicated the presence of two types 
of asymmetric cycle. Lithofacies 6, which was not involved in any 
cycle is characterized by a very high entropy value of 0.97 and, 
therefore, was probably included into the succession essentially at 
random. 
NDGS 8794 
Clustering of lithologic units 1 to 273 from NDGS 8794 
(Monsanto-Lottie No. 2) produced 12 distinct lithofacies. The 
lowermost of the units described from this core were excluded because 
they are probably part of the Lodgepole Formation. Fourteen units 
did not join a significant cluster and were therefore assigned to 
lithofacies zero. The tally matrix for this succession has 169 total 
transitions (Fig. 18). The first iteration of Markov analysis 
yielded a chi-square value of 383.62 with 109 degrees of freedom. 
This calculated value greatly exceeds the tabulated critical chi-
square value, indicating strong rejection of the null hypothesis of 
randomness and, therefore, indicating the presence of a strong Markov 
property . Ten transitions between lithofacies pairs are 
characterized by Z values greater than 2.0 (Fig. 18) and, therefore, 
probably contribute to the Markov property, or cyclicity. All states 
(lithofacies) defined by cluster analysis are involved in the 
cyclicity. 
The mutual substitutability matrix (Fig. 18 ) contains three 
pairs of lithofacies with mutual substitutability greater than 0.70. 
These are lithofacies 7 + 2 at 0.78 , lithofacies 7 + 5 at 0.72, and 




Figure 18: Pertinent matrices from first iteration of cyclicity 





1 2 3 4 5 6 7 8 9 10 11 12 
1 0 11 0 5 9 4 6 1 4 1 0 0 41 
2 10 0 1 4 l 2 0 0 3 0 0 0 21 
3 0 0 0 0 l 0 0 0 0 0 2 0 3 
4 1 7 1 0 0 0 0 1 3 0 0 1 14 
s 9 0 0 0 0 3 0 1 5 l 0 0 19 
From 6 ) 2 0 l 5 0 0 l 2 0 1 0 15 
7 5 0 0 l 0 l 0 0 0 0 0 0 7 
8 l 0 0 1 l 0 0 0 3 1 0 0 7 
9 11 l 0 0 2 4 0 2 0 0 0 0 20 
10 l 0 l 0 0 0 0 l 0 0 0 0 3 
11 0 0 0 0 0 0 0 0 0 0 0 7 7 
12 0 0 0 2 0 l 0 0 0 0 4 0 7 
41 21 14 19 15 6 20 3 8 164 
Z HA.TRIX 
To 
1 2 3 4 5 6 7 8 9 10 11 12 
l 0 .00 l. )7 ·0 .96 0.18 0 .98 -0 . 44 2 .98 ·0.82 •l.10 0 .08 · l.49 -1. 59 
2 1.00 0 .00 1. 01 1. 55 · l.01 ·0 .02 -0.88 -0.95 0.12 -0.61 -0 .95 • l.01 
3 -0 . 96 -0 .61 0 .00 -0.49 1.15 -0.51 ·0.31 ·O . 34 -0.60 -0 .22 5.57 -0. 36 
4 -1.68 3.73 l. 56 0.00 ·l.29 • l.13 -0. 70 0. 57 0 .92 -0.49 -0.76 0.43 
5 0.98 · l. 63 · 0 . 58 · l. 29 0 .00 0 . 89 ·0.83 0.22 l. 58 1.15 -0 .90 -0 . 96 
Fro• 6 -0 . 89 ·0.02 -0 . 51 -0 . 25 2 . 38 0.00 -0. 73 0 . 49 0.06 -0.51 0 . 49 -0.84 
7 1. 89 ·0 .95 -0 . 34 0 . 57 -0 . 89 0 .50 0.00 -0.52 -0.92 -0 . 34 -0.52 -0 .56 
8 -0. 82 ·0 .9S ·0.34 0 . 57 0.22 -0.78 -0.48 0 .00 2.33 2. 62 -0.52 -0.56 
9 l. 56 •l.08 ·0.60 • l. 33 -0 . 31 1. 51 -0. 85 1 .25 0 .00 -0 . 60 -0 . 92 -0.99 
10 0 .08 -0 .61 4 . 35 -0 . 49 -0 . 58 -0.51 -0.31 2. 62 ·0 .60 0 .00 -0 . 34 ·0.36 
11 -1.49 ·0 .95 ·0.34 ·O . 76 ·0 . 90 -0. 78 -0 . 48 -0 . 52 -0 .92 -0.34 0 .00 11 . 97 
12 • l.49 -0 . 95 -0 . 34 1. 88 -0.90 0 . 48 ·0.49 -0 .52 -0 . 92 .o. 34 7. ll 0.00 
lfUTtJAL SU8STI1UTA!IL1TY MATRIX 
l 2 3 4 5 6 7 8 9 10 11 12 
1 1.00 
2 0 .02 1.00 
3 0.09 0 .01 1.00 
4 0.25 0 . 14 0.00 l. 00 
5 O.Olt 0. 71 0 .00 0.22 1.00 
6 0 . 53 o. 31 0 .08 0 . 30 0 . 33 1.00 
7 0.00 0. 78 0.00 0.09 0 . 72 0. 27 1.00 
8 0.28 0.32 0.05 0 .10 0 . 36 0. 45 O.ll 1. 00 
9 0 . 13 0 . 53 0 03 0.13 0 . 50 0 . 37 0 . 44 0 16 1.00 
10 0 .01 0 . 27 0 .00 0.11 0 . 29 0 . 20 0 . 32 0 .06 0 . 51 1.00 
11 0 .00 0 . 00 0 .00 0 .04 0 .00 0 .00 0 .00 0.00 0.00 0.00 1.00 
12 0 .00 0 .01 0 .06 0.00 0 .00 0.00 0.00 0 .01 0.00 0 .00 0 .00 1. 00 
92 
greater than 0.53. The next iteration of cyclicity analysis was 
performed by combining the most strongly substitutable pair , 
lithof acies 2 and lithofacies 7. 
The second iteration of Markov analysis for NDGS 8794 reduced 
the number of states to 11 and produced a ch i-square value of 369.98, 
with 89 degrees of freedom. This value also exceeds the critical 
chi-square value and i ndicates a strong Markov property. The number 
and identity of the contributing lith ofacies transitions is unchanged 
from the results of iteration one, with the exception that both 
lithofacies 4 and 1 now pass upward to lithofacies 2 + 7. The 
strongest mutual substitutability is for the pair 5 + (2 + 7) with a 
v~lue of 0.75. No other transition has a value greater than 0.53. 
This pair was therefore combined for iteration three. 
Iteration three of the cyclicity analysis of NDGS 8794, yields 
a chi-square value of 352.39, with 79 degrees of freedom. Most of 
the cyclic relationships remain the same as i n earlier iterations, 
but the Z values of the transitions of lithofacies 1 and 4 to the 
combined lithofacies 2 + 7 decreased and these transitions lost 
significance. However, two transitions with previously low Z values 
have become significant. These are transitions from lithofacies 12 
to lithofacies 4 and from lithofacies 9 to lithofacies 1. The 
transition from 6 to 5 has also dropped to become insignificant. The 
mutual substitutability matrix contains newly increased mutual 
substitutability values for the pairs 6 and 1, and 6 and 4. These 
new mutual substitutabilities and significant transitions arise due 
to the addition of lithofacies 5 to the combined lithofacies 2 + 7 
and the consequent averaging of the i ndividual characteristics of the 
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three lithofacies, so that the properties of lithofacies 2 + 7 are 
lost. Because the loss of previously significant transitions is one 
of the criteria for the termination of cyclicity analysis, iteration 
two, prior to these losses, is considered to be the final valid 
iteration in the analysis of NDGS 8794. 
The facies relationships from the final iteration (second) are 
depicted in Figure 19. There are three sets of cyclic relationships. 
Some of the lithofacies involved in these relationships are 
stratigraphically restricted (Fig. 20). One relationship consists of 
either a laminated, ostracod and calcisphere-bearing limestone 
(lithofacies 4), or a peloid, calcisphere, and ooid-bearing limestone 
(lithofacies 1), that passes upward into lithofacies 2 + 7, a 
peloidal and coated-grain (ooid, pisoid, composite-coated grains)-
bearing limestone with hardgrounds. This cyclicity; like its 
component lithofacies, occurs primarily in the Frobisher-Alida 
interval. The transition from lithofacies 4 to lithofacies 2 + 7 is 
most common in the lower Frobisher-Alida, while the other transition 
is found throughout the interval. 
The second type of cyclic relationship distinguished in core 
from NDGS 8794 is the complex relationship sh~wn in the lower part of 
Figure 19. Although all transitions have Z values greater than 2.0, 
the transitions to and from lithofacies 10 (Fig. 19)--the echinoderm, 
brachiopod, ostracod limestone--are all based on one occurrence each. 
This means that it might be appropriate to split this into a cycle 
consisting of lithofacies 8 and 9, and a cycle involving lithofac·ies 
3, 11, and 12. This split is supported by the stratigraphic 
distribution of the lithofacies (Fig. 20). Lithofacies 11 and 12 are 
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Figure 19: Facies relationship diagram for NDGS 8794. Three sets of 
cyclic relationships have been delineated involving all of the 
11 lithofacies of the final iteration of cyclicity analysis. 











/ @0 8 0 
~ 8 tl 8 
+ I l ... • 
(!) g ~ 
e ~ ® 
~ <} ~ 0 
~ Ill ·~ 
. " D D 3 









Figure 20: Occurrence of lithofacies relative to subsurface depth of 
lithologic units from NDGS 8794. Approximate position of tops 
of the stratigraphic units Midale subinterval [Mid], Frobisher-
Alida interval [FA), Tilston interval fT], Mission Canyon 
Formation [MC], and Lodgepole Formation [LP] are indicated. 
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restricted to the Rival and Midale subintervals, while the other 
lithofacies occur throughout the core. The transitions that actually 
participate in the cyclicity between lithofacies 3, 11, and 12 occur 
in this upper portion of the cored interval. And, although both 
lithofacies are distributed throughout the length of the core, the 
actual transitions from lithofacies 8 upward into lithofacies 9 occur 
only in the Tilston interval near the base of the core. Thus, the 
second type of cyclic relationship can be split into two further 
types: cyclicity between two limestones differentiated by the 
presence of fenestral pores and more intraclastic grains in one 
(lithofacies 9) and foraminiferids in the other (lithofacies 8); and 
cyclicity between a mottled, silty, laminated dolostone to calcitic 
dolostone (lithofacies 11), and a sulfate lithofacies (12). 
The final of the three types of cycle shown in Figure 19 is 
that between lithofacies 6 and 5. Despite a much wider stratigraphic 
distribution for these two lithofacies, the actual cyclic transitions 
occur only within the Tilston interval. In this cycle type, a 
limestone, distinguished by microstylolites, irregular intraclasts, 
and more abundant ostracods, is underlain by a limestone with 
replacive sulfate. Both limestones contain peloids, calcispheres, 
intraclasts, and fenestral porosity. 
The cyclicity shown in the facies relationship diagram (Fig. 
19) appears to be dominantly asymmetric. This is supported by the 
pattern shown by the plotted entropies of the individual lithofacies 
(Fig. 21). Most of the points form a cluster in the center of the 
diagram which corresponds to the A4 type of entropy pattern 
(Hattori, 1976). The point representing lithofacies 11 lies outside 
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Figure 21: Entropy diagram for NDGS 8794. Cross plot of relative 
pre- and post-state entropies for 11 states existing at end of 
the final iteration of cyclicity analysis for NDGS 8794. Shaded 
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this central cluster due to a relative post-state entropy of zero, 
which is because lithofacies 11 is always followed by lithofacies 12 
and only lithofacies 12. The deviation of a single point does not 
negate ~he validity of the pattern formed by the remainder of the 
lithofacies. 
NDGS 7918 
Clustering of 280 lithologic units distinguished in core from 
NDGS 7918 (Marathon-Kulland 29-24) resulted in delineation of nine 
lithofacies. In the succession of these lithofacies, 177 upward 
transitions from one lithofacies to another were identified (Fig. 
22). Markov analysis of the tally matrix constructed from the upward 
transition counts (Fig. 22) produced a calculated chi-square value of 
184.82 with 55 degrees of freedom. This calculate d value is much 
higher than the tabulated chi-square for 95 percent confidence, and 
indicates the presence of a strong Markov proper ty . 
All of the lithofacies defined by cluster analysis have 
significant lithofacies transitions in the Z matrix (Fig . 22) and, 
thus, are probably involved in the production of the strong Markov 
property present in this core. There are nine upward transitions 
with Z values greater than 2.0. The mutual substitutability matrix 
(Fig . 22) shows only one lithofacies pair with a mutual 
substitutability value greater than 0.56 .. Lithofacies 6 and 8 have a 
substitutability of 0.70 and were, therefore, combined to permit a 
second iteration of cyclicity analysis. Their combination also 
removes the rarest state from the tally matrix; lithofacies 6 has 
only one upward transition and two downward transitions to other 
102 
Figure 22: Pertinent matrices from first iteration of cyclcity 





1 2 3 4 5 6 7 8 9 
1 0 6 3 3 2 1 2 1 1 19 
2 7 0 1 4 0 0 3 4 1 20 
3 1 1 0 5 1 0 12 1 2 23 
From 4 5 7 6 0 1 0 10 1 2 32 
5 2 0 0 0 0 0 2 0 l 5 
6 0 0 0 0 0 0 0 0 l l 
7 2 3 8 15 0 0 0 1 2 31 
8 2 l 3 2 0 0 0 0 15 23 
9 0 0 2 2 l l 2 15 0 23 
19 18 23 31 5 2 31 23 25 177 
Z MATRIX 
To 
l 2 3 4 5 6 7 8 9 
1 0 . 00 2.73 0 . 18 -0.47 2.03 1. 75 -0.96 -1.04 · l.13 
2 3.13 0.00 -1.09 -0.06 -0.74 ·0.46 -0.54 0.69 -1.19 
3 -1.04 -0.98 0.00 0.05 0.43 -0.51 3.24 -1. 29 ·0.87 
From 4 0.48 1. 61 0.44 0.00 0.02 -0 . 62 1.03 ·l.80 ·l.48 
5 2.03 -0. 71 -0 . 81 -0.98 0.00 -o .n 1.09 -0. 81 0.34 
6 -0.32 -0.31 ·0.36 ·0.43 -0.16 0 .00 -0.43 -0. 36 2.29 
7 -0.96 -0.37 1.42 2.99 -0.97 -0 .61 0.00 · l. 75 -1.43 
8 -0.43 -0.98 -0. 20 · l. 31 -0.81 -0 . H ·2.20 0.00 5.91 
9 -1.66 ·l.62 ·O. 77 · l. 33 0.41 l. 45 · l. 32 6.27 0.00 
MUTUAL SUBSTITUTABILITY MATRIX 
1 2 3 4 5 6 7 8 9 
1 1.00 
2 0 . 16 1.00 
3 0.27 0.43 1.00 
4 0.31 0. 23 0 . 54 1.00 
5 0.05 0. 56 0 . 33 0 . 21 l.00 
6 0.00 0.05 0 . 05 0 .03 0.27 l.00 
7 0 . 37 0.31 0 . 15 0. 10 0 .07 0 .02 1.00 
8 0 . 07 0.03 0 .06 0 .07 0 . 19 0 . 70 0 . 09 1.00 
9 0 . 10 0.14 0 . 11 0 .06 0.01 0.00 0 . 05 0.00 1. 00 
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states. Combination of lithofacies 6 and 8, therefore, improves the 
Markov analysis by increasing the cell values in the expected value 
matrix. 
The second iteration of cyclicity analysis produced a 
calculated chi-square value of 177.27 with 41 degrees of freedom. 
The Markov property is even more strongly indicated than in the fi rst 
iteration. The important transitions are the same as determined in 
iteration one, with the exception of the combination of lithofacies 6 
and 8 and consequent combination of their transitions with 
lithofacies 9. The mutual substitutability matrix for iteration two 
is little changed from that of iteration one. There are no further 
mutual substitutabilities greater than 0.70. Therefore, iteration 
two is the terminal step in the cyclicity analysis of NDGS 7918. 
The cyclic relationships among lithofac i es as defined during 
iteration two are shown in Figure 23. There are three types of 
cycles present in this succession. The lithofacies involved in the 
cycles are all distributed throughout most of the succession, but are 
concentrated in certain parts of the sequence (Fig. 24). There is 
stratigraphic separation in the distribution of the three cycle types 
despite the overlapping of the stratigraphic ranges of lithofacies 
involved in different cycles. 
The type of cyc le shown in the top of the facies relationship 
diagram (Fig . 23) is symmetrical and involves two peloidal and 
ostracod-bearing limestones. Lithofacies 9 also contains abundant 
intraclasts, as well as foraminiferids and calcispheres. Lithofacies 
6 + 8, the result of combination of the mutually substitutable pair 
of lithofacies, is microstylolitic and contains abundant brachiopods. 
LOS 
Figure 23: Facies relationship diagram for NDGS 7918. Three sets of 
cyclic relationships have been delineated involving all eight 
states of the final iteration of cyclicity analysis. Key to 
symbols is given in Figure 11. 
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Figure 24: Occurrence of lithofacies 
lithologic units from NDGS 7918. 
following stratigraphic horizons 
Formation (MC], Tilston interval 
interval [mFA]. 
relative to subsurface depth of 
Approximate location of the 
are indicated: Mission Canyon 
[T], middle of Frobisher-Alide 
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This symmetric succession occurs primarily in the upper Frobishe r-
Alida interval within this sequence. Where the lithofacies are 
present elsewhere in the core, they do not have transitions with each 
other and therefore have no cyclicity. 
The cyclicity depicted in the center of Figure 23 is between 
three echinoderm- and brachiopod-rich limestone lithofacies. These 
lithofacies are all commonly microstylolitic and are distinguished 
from each other by the abundance of components that may be present 
but are not common in other lithofacies. Lithofacies 5 is 
argillaceous, contains bryozoans, and shows evidence of post-
depositional silicification and dolomitization. Limestones of 
lithofacies 1 contain abundant bryozoans and ostracods, are 
bioturbated, and are more heavily microstylolitized than rocks of 
lithofacies 5 and are less stylolitic and microstylolitic than rocks 
of lithofacies 2. Lithofacies 2 is characterized by abundant 
evidence of compaction and contains ostracods. The cyclicity shown 
by these three lithofacies is symmetric and occurs in the lower 
Frobisher-Alida and Tilston intervals, although the complete cycle 
occurs only in the Tilston interval where lithofacies 5 is present. 
The third type of cyclicity present in the succession of NDGS 
7918 is shown at the bottom of Figure 23. This is asymmetric 
cyclicity from lithofacies 3 to lithofacies 7 to lithofacies 4 and is 
mostly restricted in occurrence to the Tilston interval, where all 
three lithofacies are most common. As with the second cycle type, 
this is between echinoderm- and brachiopod-rich limestones. 
Lithofacies 3, at the base of the cycle, is pyritic, contains some 
bryozoans, and is microstylolitic. Lithofacies 7, in the center of 
110 
the cycle, is characterized by abundant bryozoans and ostracods in 
addition to the echinoderms and brachiopods. The upper unit in the 
cycle, lithofacies 4, is microstylolitic and silicified, usually in 
the form of chert nodules. It also has abundant ostracods as a major 
faunal component. 
The entropy plot for the second iteration of the cyclicity 
analysis of NDGS 7918 (Fig. 25) does not obviously correspond to one 
of the entropy patterns of Hattori (1976). This pattern may result 
from mixture of more than one type of cyclicity, for example, mixture 
of types A4 and C. The results of Markov analysis indicate the 
presence of symmetrical and asymmetrical cyclicity. Entropy, 
however, is based on the entire tally matrix, not just the most 
significant transitions. Therefore, interpretation of the entropy 
pattern need not agree exactly with the results of Markov analysis. 
This pattern could be generated by a combination of any of the three 
entropy pattern types A4, B, or C. However, the entropy of the 
entire group of lithofacies can be described as relatively high. 
Therefore, it is likely that this pattern is the result of mixing 
lithofacies successions characterized by A4 and C, or by Band C type 
successions. 
NDGS 1262 
Cluster analysis of the 240 lithologic units recognized in core 
from NDGS 1262 (Amerada-Lacey No. 1) produced 11 lithofacies. Only 
three samples were not associated with one of the clusters above the 
95 percent confidence level and were consequently assigned to the 
zero lithofacies. A total of 121 upward transitions between 
l ll 
Figure 25: Entropy diagram for NDGS 7918. Cross plot of relative 
pre- and post-state entropies for eight states existing at end 
of the final iteration of cyclicity analysis for NDGS 7918. 
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different lithofacies was counted in the succession of lithofac ies 
(Fig. 26). Markov analysis resulted in a chi-square value of 133 . 76 
with 89 degrees of freedom. This exceeds the tabulated chi-square 
value for the 95 percent confidence l evel, indicating the presence of 
the Markov property in the lithofacies sequence of NDGS 1262. 
Seven cell values in the Z matrix (Fig. 26) exceed 2.0, 
indicating the transitions that are the probable source of the Markov 
property. Lithofacies 2, 6 , and 7 are not involved in cyclic 
transitions. The mutual substitutabil ity matrix (Fig. 26) has two 
cell values that exceed 0.70; these are the cells representing 
lithofacies pairs 4 and 2, and 10 and 5, both with mutual 
substitutability of 0.71. 
Investigation demonstrated that regardless of which of these 
pairs with equal mutual substitutabilities was combined for the next 
iteration, the end result was the same . Combining both lithofacies 
pairs to set up iteration two of cyclicity analysis achieved the same 
results as either of the two-step paths. Therefore, the second 
iteration involved simultaneous combination of lithofacies 5 with 
lithofacies 10, and lithofacies 4 with lithofacies 2 . 
The chi-square val ue for Markov analysis in iteration two is 
125.49, with 55 degrees of freedom, a nd the matrix is reduced to nine 
states . The facies relationship diagram (Fig. 27) illustrates the 
relationships probably responsible for the relatively strong Markov 
property. The two lithofacies not involved in any cyclicity are also 
shown. The mutual substitutability matrix for iteration two has no 
lithofacies pairs with mutual substitutabilities greater t han 0.53. 
ll4 
Figure 26: Pertinent matrices from first iteration of cyclicity 





3 4 5 6 8 9 10 11 
1 0 4 4 5 0 0 3 0 1 1 0 18 
2 2 0 2 2 0 0 1 0 2 0 2 ll 
3 3 1 0 1 0 l l 0 l 0 0 8 
4 4 1 0 0 0 l 2 0 4 0 3 15 
s 0 0 0 0 0 0 0 0 0 1 2 3 
From 6 0 0 0 0 0 0 2 0 1 0 2 s 
7 4 2 1 J 0 2 0 0 1 2 1 16 
8 0 0 0 0 0 0 0 0 0 2 0 2 
9 4 2 0 2 0 0 2 0 0 0 1 ll 
10 0 l 0 1 1 0 0 l 0 0 9 l3 
ll 0 l 0 l 2 l s l l 7 0 19 
17 12 15 3 5 16 2 11 13 20 121 
Z MATRIX 
To 
l 2 J 4 5 6 7 8 9 10 11 
l 0 .00 l. 39 2 . 67 1.46 -0 .69 -0 . 89 0.09 -0 . 56 -0 . 63 -0 . 83 •l . 92 
2 0 . 16 0 . 00 1.65 0 . 39 -0 . 52 ·O. 68 -0.50 -0 .42 0 . 90 -1.14 -0 . 09 
3 l. 58 0.21 0 . 00 ·0.05 -0 .43 l. 20 -0 . 13 -0 . 35 0 . 30 -0 . 95 ·1.22 
4 0 . 94 -0 . 50 -0 . 97 0 .00 -0 . 62 0 .44 -0.20 ·0,50 2.03 ·l. 35 -0 . 00 
5 -0 . 67 -0 . 54 -0 . 41 -0.62 0.00 -0 . 34 -0 .64 ·O. 21 -0 . 52 1.18 2 .00 
f'rom 6 ·O. 87 -0 . 71 ·0 . 53 -0.81 -0.34 0.00 l. 55 ·O. 28 0.80 -0 . 74 1.14 
7 0. 79 0 . 17 -0 . 00 0.45 -0.64 l. 55 0 . 00 -0.52 ·0.49 0.03 ·1 .24 
8 -0.55 -0.44 ·O. 33 -0.50 ·O . 21 -0 . 28 -0 . 52 0 . 00 -0 . 42 3 . 85 -0.60 
9 l.68 0 . 78 -0.81 0.40 .o . 52 -0 . 68 0.29 -0 . 42 0.00 •l.13 -0.76 
10 -1.46 -0. 33 -0.89 -0.61 1. 18 -0 . 74 ·l.40 1. 69 -1 . 13 0.00 4 .05 
11 -1 . 84 -0. 81 · l. 12 -1. ll 2.07 0 .14 1.08 1.13 -0.72 2 . 92 0 . 00 
l 2 3 4 s 
1 l.00 
6 7 8 9 10 11 
2 0 . 34 l. 00 
3 0 . 09 0 . 48 l.00 
4 0 . 13 0 . 71 0 .68 l.00 
5 0 . 00 0.10 0 . 00 0.08 l. 00 
6 0 . 21 0 . 29 0 .04 0. 31 0 . 20 l.00 
7 0.22 0 . 45 0 . 37 0 . 36 0. 18 0 . 07 l. 00 
8 0.00 0 . 00 0 . 00 0.00 0.42 0 . 00 0. 16 1.00 
9 0 . 37 0 . 29 0.35 0. 28 0 . 03 0.22 0 .48 0 . 00 l. 00 10 0 02 0 . 17 0 . 01 0 . 15 0 . 71 0. 35 0 . 17 0 . 00 0.07 l. 00 11 0 . 13 0 .06 0 .03 0 . 07 0. 14 0 .07 0.08 0 . 48 0 . 11 0 . 00 l. 00 
11 6 
Figure 27: Facies relationship diagram for NDGS 1262. Three sets of 
cyclic relationships have been de l ineated for 11 lithofacies in 
the second and final iteration of cyc l icity analysis. The two 
l ithofacies, 7 and 6, not involved in cyclic relationships, are 
also shown. Key to symbols is given in Figure 11 . 
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The relationships depicted in Figure 27 are, therefore, the final 
results of the cyclicity analysis of NDGS 1262. 
Lithofacies 8 1 is a relatively rare state, having only two 
upward and downward transitions to another lithofacies. Removal of 
this state did not affect the results of cyclicity analysis beyond 
elimination of the transition of lithof acies 8 to lithofacies 5 + 10 
and the improvement of expected value matrix cell entries. However, 
both of the upward transitions from lithofacies 8 are to lithofacies 
5 + 10. This implies that, although small in number, these 
transitions might be statistically significant and, thus, perhaps 
should not be removed. This possibility is supported by the position 
of the plotted relative entropies for lithofacies 8 (Fig. 28). The 
point representing lithofacies 8 lies on the x-axis due to a relative 
post-state entropy of zero, indicating complete ordering. Because 
there is not a clear answer to these considerations, the relatively 
rare lithofacies 8 has been l eft in the sequence. 
Three sets of cyclic relationships were discerned in the 
succession of NDGS 1262. One type is illustrated on the left side of 
Figure 27. This is the upward transition from lithofacies 1 to 
lithofacies 3. Both l ithofacies are microstylolitic, echinoderm- and 
brachiopod-rich limestones. The upper unit of the cycle has, in 
addition, nodular algae, silicification (most commonly in the form of 
chert nodul es), and stylol ites. In this core, the first type of 
cycle is found in the lower half of the Frobisher-Alida interval 
(Fig. 29). 
The second type of cycl e identified (center of Fig. 27) 
consists of the upward transition of lithofacies 2 + 4 to lithofacies 
11 9 
Figure 28: Entropy diagram for NDGS 1262. Cross plot of relative 
pre- and post-state entropies for eight states existing at end 
of the final iteration of cyclicity analysis for NDGS 1262. 
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Figure 29: Occurrence of lithofacies relative to subsurface depth of 
lithologic units from NDGS 1262. Approximate stratigraphic 
location of the following horizons also shown: top of Mission 
Canyon Formation [MC], possible top of Tilston interval [T] , and 
top of Frobisher-Alida interval [ FA]. 
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9. This cyclicity also involves two echinoderm- and brachiopod-rich 
limestones. The lower unit is additionally characterized by 
stylolites, microstylolites, and sol i tary corals. The upper unit, in 
contrast, contains abundant bryozoans. This cyclicity is, like the 
first type , restricted to the lower half of the Frobisher-Alida 
interval , as are most of the units belonging to the lithofacies 
involved. 
The third type of cycle described in this succession is 
summarized along the bottom of Figure 27. This involves a transition 
from massive sulfate (lithofacies 8) at the base of the cycle, 
upwards into intercalated laminated limestones, dolostones, and 
dolomitic limestones (lithofacies S + 10). lithofacies S + 10 shows 
transitions to and from the final lithofacies, a calcisphere- and 
ostracod-bearing, peloidal limestone (lithofac ies 11). This 
cyclicity occurs in the upper half of the Frobisher-Alida interval, 
especially the uppermost part, the Rival subinterval. A portion of 
the cycle (between S + 10 and 11) is also found in the over l ying 
Midale subinterval . It can be seen in this case (Fig. 29) that one 
possible reason for a lack of cyclic relationships between 
lithofacies in different cycle types can be stratigraphic separation. 
There are also two lithofacies lacking cyclic relationships. 
These are lithofacies 6 and lithofacies 7 (Fig. 27). Both are 
echinoderm-bearing limestones. Lithofacies 6 is bioturbated and 
pyritic, whereas lithoracies 7 is microstylolitic. These lithofacies 
are somewhat similar to the lithofacies in the first two types of 
cycl es in NDGS 1262, but are characteri zed by far fewer lithologic 
components . 
l24 
The entropy diagram for NDGS 1262 (Fig. 28) does not show a 
pattern that is an obvious match to one of the entropy types of 
Hattori (1976). It is most similar to the truncated asymmetric 
cyclicity type A4, especially if data point 8 can be ignored. As 
discussed ear l ier, lithofacies 8 is a relat i vely rare state. 
Experience indicates that such l i thofacies commonly appear to deviate 
from the entropy behavior of other states in a succession. Note that 
l ithofacies 7 and lithofacies 6 both plot as part of the A4 central 
cluster. This underscores the difference between Markov and entropy 
analysis, showing that entropy analysis is, indeed, an evaluation of 
the overall sequence, including those states that were not indicated 
by Markov analysis to be cyclic. Two of the cycle types identified 
by Markov analysis were, however, asymmetrical; the two approaches to 
cyclicity identification did not yield entirely contradictory 
answers. 
NDGS 793 
Examination of core from NDGS 793 (Mobil-Birdbear No. 1) led to 
discrimination of 329 lithologic units over 457 feet (139 m) of core. 
Cluster analysis of this data set was, however, more difficult than 
for those of cores discussed earlier, because of the high degree of 
similarity of a large number of the lithologic units contained within 
it. Indeed, qualitative and usual core description procedures might 
have lumped most of the length of this core into one lithologic type, 
an echinoderm and brachiopod packstone-wackestone (textural terms of 
Dunham, 1962). The phi coefficient uses both the number of positive 





or mutual absences of components, in the calculation of an 
association value for two units. Consequently, when a large 
propor tion of a data set to be clustered is similar, the continuing 
linkage of very similar units distorts the dendrogram. 
One effect is for successive lithologic units to be added to a 
cluster at gradually lower and lower simil arity values. This 
produces single, very large clusters that lack the usual smaller 
subordinate clusters, which are normally linked to form the largest 
clusters. This effect, thus, leads to dendrograms whose linkage 
values quickly fall below the confidence limit, and in which most 
samples cluster below this value. This type of result seems to be 
largely an artifact of the clustering routine and has no value in 
interpretation. 
In addition, averaging commonly dampens the change in character 
that should occur in a cluster as units are added. Graphically, this 
effect is seen as sudden shifts in linkages to distinctly higher 
levels. This effect produces extremely large single clusters, 
sometimes containing more than 100 lithologic units, in which 
similarity levels are prevented from falling during successive 
linkages. In these clusters, similarity levels never drop below the 
confidence level, and the clusters cannot be divided into 
lithofacies. To overcome these problems, some modification of the 
basic procedure was required. 
Initially it had been decided to use the same number of 
variables for all individual well analyses to facilitate direct 
comparison of the results. To obtain useful and interpretable groups 




some multiple- well data sets), it was necessary to reduce the number 
of negative matches between sampl es. In other words, variables 
rarely or never present in this data set were removed to reduce the 
size of din the phi coeffi cient calculation. For NDGS 793, four 
variables were removed prior to calculation of the similarity matrix. 
These were the components bivalve, cross lamination and bedding, 
graded bedding, and boring, which occur zero, zero, one, and two 
times, respectively. These were the least common components in this 
core and, thus, the least likely to affect results by their removal. 
With this change, interpretable groups of lithologic units were 
formed on the dendrogram by clustering. 
Clustering of the data from NDGS 793 yielded 13 lithofacies. 
Only five samples failed to link with a cluster at a similarity value 
greater than the 95 percent level and had to be assigned to the zero 
lithofacies. The upward transition, tally matrix constructed from 
the lithofacies succession had 190 total transitions (Fig. 30). 
Markov analysis of t h is initial matrix produced a calculated chi-
square of 406.80, with 131 degrees of freedom. This greatly exceeds 
the tabulated critical chi - square for rejection of the null 
hypothesis of randomness, and indicates the presence of a strong 
Markov property in this sequence. The Z matrix indicated that a 
large number (24) of lithofacies transitions were probably involved 
in the creation of the Markov property (Fig. 30). These lithofacies 
transitions can be resolved into two complex cycles that involve all 
states. A total of 129 or 68 percent of the 190 transitions within 
this succession are involved in cyclicity. 
127 
Figure 30 : Pertinent matrices from first iteration of cyclicity 




2 3 4 5 6 7 8 9 10 11 12 13 
1 0 2 5 4 0 5 l 0 0 0 0 0 0 17 
2 0 0 2 2 0 0 0 0 0 0 0 0 0 4 
3 5 2 0 3 3 3 l 0 0 0 0 0 l 18 
4 5 0 6 0 0 1 0 0 0 0 0 0 0 12 
5 0 0 l l 0 0 3 l 0 1 0 0 0 7 
6 7 0 3 l 2 0 10 2 0 0 l l 0 27 
Fro• 7 0 0 l l 2 12 0 9 0 0 0 0 3 28 
8 0 0 0 0 0 3 9 0 0 0 0 0 0 12 
9 0 0 0 0 0 l 0 0 0 4 0 2 7 14 
10 0 0 0 0 0 0 1 0 ) 0 l 2 3 10 
11 0 0 0 0 0 1 0 0 2 l 0 0 0 4 
12 0 0 0 0 0 l 0 0 2 0 0 0 9 12 
13 0 0 0 l 0 0 3 0 6 6 l 8 0 25 
17 4 18 13 27 28 12 13 12 3 13 23 190 
Z MATRIX 
To 
l 2 3 4 5 6 7 8 9 10 11 12 13 
l 0 . 00 2 . 74 2.46 2.52 -0 . 80 l. 31 • l.13 · l.06 -1.11 •l.06 -0 .52 • l .10 -1.53 
2 -0.60 0 . 00 2 . 61 3 . 36 -0. 3 7 -0.78 -0.80 -0.50 .o. 52 -0 .49 -0.24 -0 .52 -0 . 72 
3 2.46 2.61 0 . 00 1.49 2 . 81 0 .01 -1 . 20 -l. 10 -1.15 -1.09 ·0.54 -1 . 14 ·0 .95 
4 3.64 ·O . SO 4 . 37 0.00 -0 . 66 -0.67 -l.42 -0 . 88 ·0 . 92 -0.88 -0.43 -0.92 -1. 27 
5 -0. 80 -0. 37 0 . 39 0 . 76 0 .00 -1.04 l. 75 0.85 -0 . 69 0.86 -0.32 -0.69 -0.95 
6 2.51 -0 . 78 0.01 -0.75 o. 87 0 .00 2. 24 0 . 06 -1.45 -1. 38 0 . 80 -0. 75 -2 .00 
From 7 -1. 71 -0 .80 -1.20 -0 . 80 0. 81 3.14 0 . 00 4.94 -1 . 48 -1.41 -0.69 -1.47 -0. 58 
8 -1.06 -0.50 -1 . 10 -0 .9 1 ·0 . 66 0. 78 4.94 0.00 ·0 . 92 -0 . 87 -0.43 -0.91 -1. 27 
9 · l.15 -0.54 -1.19 ·0 . 99 .o . 72 -0. 83 -l.53 -0 . 95 0.00 3 . 28 -0.47 1.03 3 . 73 
10 -0.97 -0.45 -1.00 ·0 . 83 -0.60 · l. 26 -0. 52 •0 . 80 2 . 74 0.00 2.16 1.56 1.44 
11 ·0 . 60 -0.28 -0 . 62 ·0 . 52 ·0.37 0.50 ·0.80 -0. 49 3. 34 1. 54 0.00 ·0.52 -0 . 71 
12 · l.06 -0.50 - 1.10 -0.92 ·0.66 ·0.67 · l.42 -0. 88 1. 25 -0 . 88 •0 . 43 0.00 5.81 
13 -1.59 -0 . 74 •l.64 -0 .64 -0.99 -2.07 .o. 70 -1. 31 2.99 3 . 28 0.91 4.48 0.00 
HUTUAL SU8STlnrTABILITY MATRIX 
l 2 3 4 5 6 7 8 9 10 ll 12 13 
l 1.00 
2 0. 27 1.00 
3 0.29 0 . 11 1.00 
4 0.20 0.46 0.27 1.00 
s 0. 28 0 . 20 0 . 05 0 . 12 1.00 
6 0.04 0 . 09 0 . 19 0.27 0 44 1.00 
7 0. 28 0 .01 0 . 12 0.04 0 . 08 0.02 1.00 
8 0.05 0 .00 0.05 0.01 0.45 0 . 61 .o . 04 1.00 
9 0.00 0.00 0 . 00 0.00 0 .00 0 .00 0.05 0 . 00 1.00 
10 0.00 0 .00 0.00 0.00 0 . 00 0 .01 0.02 0.00 0.43 1.00 
11 0 . 10 0.00 0 03 0.01 0 . 03 0.00 0 18 0.02 0.17 0. 24 1.00 
12 0 01 0.00 0.01 0 .00 0 .00 0.00 0.08 0.00 0. 72 0. 65 0.16 1.00 
13 0.00 0 .00 0.00 0 .00 0.07 0 .08 0.00 0.06 0. 12 0.20 0.09 0.02 1.00 
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The mutual substitutability matrix (Fig. 30) for this first 
iteration of the cyclicity analysis of NDGS 793 indicates only one 
pair of lithofac i es, 12 and 9, with mutual substitutabilities greater 
than 0.70, in this case 0.72. For the next iteration, lithofacies 9 
and 12 were combined; any further s ubstitutability woul d be indicated 
by mutual substitutabi lity analysis during the second iteration. 
The second iteration of cyclicity analysis produced a chi-
square value of 391.13, with 109 degrees of freedom and 10 states. 
This chi-square is indicative of the presence of a strong Markov 
property. With exception of changes directly due to the combination 
of lithofacies 9 and 12, there was no change in the nature of 
cyclicity as determined from the Z matrix from the first to the 
second iteration. No pairs of l ithofacies have mutual 
substitutabilities greater than or equal to 0 . 70, the chosen 
threshold. This brings into effect one of the termination criteria, 
the lack of further substitutability; iteration two is therefore the 
final stage in the cycl ic i ty analysis of NDGS 793. 
The facies relationship diagram for NDGS 793 (Fig. 31) shows 
two complex· types of cycles. The lack of significant cyclic 
relationships between l ithofacies in one cycle and any lithofacies in 
the other is real, and results from stratigraphic separation of 
lithofacies ranges (Fig. 32). Lithofacies 1 through 4, participants 
in the cycle shown on the right at the top of Figure 31, occur only 
within the upper two-thirds of the FrobisheT-Alida interval. The 
lithofacies on the left-hand portion of this same cycle, lithofacies 
6 1 7, and 8, are concentrated predomi nantly in the upper Frobisher-
Alida interval and Midale subinterval . The lower left-hand cycle 
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Figure 31: Facies relationship diagram for second iteration of 
cyclicity analysis of NDGS 793. Two types of cycle are shown; 
these involve all lithofacies present in the succession. Key to 
symbols is given in Figure 11. 
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Figure 32: Occurrence of lithofacies relative to subsurface depth of 
lithologic units from NDGS 793. Also indicated are approximate 
stratigraphic position of tops of Frobisher-Alida interval [FA], 
Tilston interval [T] , and middle of Frobisher-Alida [ mFA]. 
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type (Fig. 31) involves lithofacies 10 to 13, which occur only in the 
lower half to one third of the Frobisher-Alida interval. 
The lithologic character also d iffers between the two cycles. 
The lower cycl e consists of four lithofacies wi th abundant 
echinoderms and brachiopods in limestone, and would be termed a 
packstone (textural term of Dunham, 1962). The differences between 
these four lithofacies are as follows: lithofacies 10 is both 
stylolitic and microstylolitic, has abundant solitary corals, 
bryozoans, and ostracods, and is part i ally silicified; lithofacies 11 
contains calcispheres, intraclasts, irregular intraclasts, nodular 
algae, foraminiferids, and peloids; it also shows partial 
silicification; lithofacies 9 + 12 is bioturbated, microstylolitic, 
and partially silicified, and bears solitary corals, bryozoans, and 
ostracods; lithofacies 13 contains little excep t bryozoans and 
microstylolites in addition to the features c ommon to all four 
lithofacies. This cycle has both symmetrical and asymmetrical 
transitions. 
One of the upper cycle types, depicted on the right in Figure 
31, consists of several varieties of peloidal- and coated grain-
bearing limestones with symmetric and asymmetric transitions. These 
involve lithofacies 1 through 6. Most of the lithofacies show 
fenestral porosity. Common grain types include: ooid, pisoids, 
composite-coated grains (grapestones), intraclasts, ostracods, and 
calcispheres. The presence of stylolites or microstylolites and 
replacive sulfate are distinguishing characteristics. 
The upper cycle type (drawn on the left in Fig. 31) shows 
symmetrical transitions from lithofacies 8 to lithofacies 7, and 
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lithofacies 7 to lithofacies 6. Lithofacies 8 consists of massive 
and nodular-mosaic sulfate (anhydrite textural terms of Maiklem and 
others, 1969). Lithofacies 7 consists of intercalated nodular to 
nodular-mosaic sulfate and dolostone. Because left and right 
portions of the upper cycle type depicted in Figure 31 do not co-
occur stratigraphically (Fig. 32), this upper cycle must be regarded 
as consisting of two cycles that have differing stratigraphic 
distributions, even though there are significant transitions between 
lithofacies 1 and 6. 
The entropy diagram for the final iteration of cyclicity 
analysis for NDGS 793 (Fig. 33) shows a diffuse field of points 
centered in the plot. This most closely approaches the type A4 
pattern of Hattori (1976). Therefore, the overall succession appears 
to be truncated (on top and on bottom) and asymmetrical, whereas the 
cyclicity within the succession, as defined by Markov analysis, has 
both symmetric and asymmetric character. 
NDGS 6217 
This core, NDGS 6217 (Gulf-Hurinenko No .l -10-2A) although not 
the longest, had the largest number of lithologic units (356) of the 
12 cores examined for this study. In addition to the high number of 
units, there is a large degree of similarity between many of the 
units. Thus, this data set presented problems for cluster analysis 
that were similar to those encountered with the data s e t from NDGS 
793. A similar solution was applied. Eight of the compositional 
components, or binary variables, were removed from the original data 
before the calculation of the similarities for cluster analysis . The 
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Figure 33: Entropy diagram for second iteration of cycl icity 
analysis of NDGS 793. The shading indicates the shape of the 
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variables removed include five that did not occur in any sample 
within this data set: bivalve, crust or hardground, cross lamination 
or bedding, graded bedding, boring; as well as 3 components that each 
only occurred once: pattern mottling, lithoclast, trilobite. Thus, 
cluster analysis for NDGS 6217 was performed using only 38 variables 
to compute similarities. 
Clustering produced 13 lithofacies. The lithofacies succession 
had 195 transitions upward from one lithofacies to another (Fig. 34). 
The chi-square value from the first iteration of Markov analysis is 
337.47, with 131 degrees of freedom. This exceeds the tabulated chi-
square and indicates the presence of a Markov property in this 
succession. The Z matrix (Fig. 34) contains 19 transitions with 
values greater than 2.0 and, therefore, probably contributing to the 
Markov property. All lithofacies are involved in cyclicity. 
The mutual substitutability matrix (Fig . 34) for this first 
iteration of cyclicity analysis contains two pairs of lithofacies 
with values of greater than or equal to 0.70. These are lithofacies 
7 and 6 with a mutual substitutability of 0.92, and lithofacies 7 and 
5 with a value of 0.70. Lithofacies 7 and 6 were combined for the 
next iteration of cyclicity analysis. In addition, the relatively 
rare state, lithofacies 12 was eliminated from the data set. There 
were three transitions to and from lithofacies 12 but its total 
frequency of occurrence is much lower than any other lithofacies. 
The elimination of lithofacies 12 and combination of 
lithofacies 6 and 7 for the second iteration strengthened the Markov 
property. The chi-square value computed during this iteration is 
259.29 with 89 degrees of freedom. The only significant transitions 
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Figure 34: Pertinent matrices from first iteration of cyclicity 





1 2 3 4 5 6 7 8 9 10 11 12 13 
1 0 1 1 2 7 6 8 7 0 2 0 0 0 34 
2 1 0 3 0 0 0 0 0 0 0 0 0 2 6 
3 1 3 0 1 0 0 0 0 1 3 0 0 2 11 
4 0 0 0 0 4 0 0 0 0 4 1 0 2 11 
5 8 0 0 2 0 3 2 6 0 0 0 0 0 21 
6 8 0 0 0 2 0 0 2 0 0 0 0 0 12 
Fro11 7 8 0 0 0 3 l 0 3 0 0 0 0 0 15 
8 5 0 0 l 4 2 5 0 0 0 0 0 l 18 
9 0 0 2 0 0 0 0 0 0 9 3 0 2 16 
10 2 l 3 2 l 0 0 0 6 0 4 0 4 23 
11 0 0 0 l 0 0 0 0 5 l 0 l l 9 
12 0 0 0 0 0 0 0 0 l 0 0 0 2 3 
13 l l 1 2 0 0 0 0 3 5 1 2 0 16 
34 6 10 11 21 12 15 18 16 24 9 3 16 195 
Z MAl'tllX 
To 
l 2 3 4 5 6 7 8 9 10 11 12 13 
l 0.00 -0.18 -0.73 -0 .17 1.14 2.24 2. 74 1.61 -l.84 -1.43 -1.35 -0. 77 -l.84 
2 -0.18 0.00 4.93 -0.57 -0 . 82 -0.60 -0.68 -0. 75 -0. 70 -0.88 -0.52 -0.29 2.14 
3 -0.83 4.66 0.00 0.49 -1.12 -0.82 -0 .93 -1.03 0.08 1.28 -0. 71 -0.40 1.12 
4 -1.50 -0. 57 -0. 75 0 . 00 2 .44 -0. 83 -0.93 -1.03 -0.96 2 . 10 0. 70 -0.40 1.11 
5 l. 60 -0.82 -l.07 0.66 0.00 l. 38 0 . 18 2.63 · l. 37 -1. 72 -1.01 -0 .57 -1. 37 
6 3. 51 -0.60 -0. 79 -0 . 83 0. 53 0.00 -0.97 0.78 · l. 01 -1.27 -0 . 74 -0.42 ·l.01 
Fro11 7 2 . 74 -0. 68 -0.89 -0.93 0.94 0.05 0 . 00 1 .25 -1. 14 -1.43 -0.84 -0.48 ·l.14 
8 0.59 -0.75 -0.98 -0.06 l. 27 0.78 2 . 90 0.00 • l. 26 •l.58 -0.93 -0.53 -0.46 
9 -1.84 -0.70 l. 26 -0. 96 -1. 37 • l .01 -1.14 -1.26 0. 00 4.61 2.59 -0.49 0 . 52 
10 -1. 37 0.29 l. 52 0. 50 •l . 10 -1 . 24 -l.40 -1.55 ! 69 0 . 00 2.68 -0. 61 l. 31 
11 •l.35 -0.52 -0 . 68 0 .70 -1.0l -0 .74 -0. 84 -0.93 • 90 -0.17 0.00 2. 39 0.29 
12 -0. 77 -0.29 -0.38 -0.40 -0. 57 -0 . 42 -0 . 48 -0 . 53 1 53 -0 .62 -0 . 36 0.00 3. 56 
ll · l. 29 0. 72 0 . 17 l. 11 -1. 37 · l.01 -1.14 -1. 26 :.36 1.91 0 . 29 3. 56 0 . 00 
HU11.JAL SU!STITUTA!ILITY MATRIX 
l 2 3 4 5 6 7 8 9 10 11 12 13 
l 1.00 
2 0.01 l.00 
3 0.02 0.08 1.00 
4 0 . 18 0.10 0 .25 1.00 
5 0.22 0.05 0 . 04 0 . 00 1.00 
6 0 . 09 0.06 0.03 0.10 0 . 64 1.00 
7 0.10 0 .06 0.03 0. 13 0. 70 0.92 l.00 
8 0.40 0.05 0.03 0 . 21 0.41 0.60 0.50 1.00 
9 0.02 o. u 0 . 32 0 . 46 0.00 0 .00 0.00 0.00 1.00 
10 0 . 01 ,0.22 0.20 0.10 0 .05 0 . 03 0.03 0.03 0 . 07 1.00 
11 0.01 0 .03 0. )0 0 . 08 0 . 01 0 . 00 0 . 00 0.00 0 . 13 0 .43 l. 00 
12 0.00 0.12 0.08 0 . 1S 0 . 00 0 . 00 0.00 0 . 00 0 . 10 0 . 28 0.10 1.00 
l3 0.03 0 . 07 0.52 0.23 0 . 04 0 . 01 0 . 01 0 . 00 0.47 0 . 23 0 . 49 0.01 1.00 
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lost were those involving the eliminated lithofacies 12. 
Furthermore, the Z matrix for the second iteration indicates the 
presence of an additional lithofacies transition, from lithofacies 13 
to 10, among those significantly contributing to the Markov property. 
Mutual substitutability anal ysis produced no further lithofacies 
pairs with substitutabilities greater than 0.60; therefore, iteration 
two is the terminal stage of this cyclicity analysis. 
The cyclicity determined from the Z matrix and lithologies 
involved are depicted in the facies relationship diagram for NDGS 
6217 (Fig. 35). The diagram appears to show one long and very 
complex set of cyclic relationships. Examination of the 
stratigraphic occurrence (Fig. 36) of the various lithofacies show, 
however, that there are in fact three separate sets of 
stratigraphically separated cycle types. The lithofacies shown in 
the lower portion of Figure 35, lithofacies 2 , 3, 9, 10, 11, and 13, 
are almost completely restricted to the upper half of the Frobisher-
Alida interval, and lithofacies 2 and 3 onl y occur in the lower part 
of this portion of the section. Therefore, lithofacies 2 and 3, and 
lithofacies 9, 10, 11, and 13, form two cycles that only rarely co-
occur to form the entire cycle as it is shown in Figure 35. 
The small symmetric cycle of lithofacies transitions 3 to 2 and 
2 to 3 involves two limestone lithofacies, in both of which peloids 
are the dominant grain type, intraclasts are present, and replacive 
sulfate is common. In addition, lithofacies 2 also bears ostracods, 
foraminiferids, and irregular intraclasts (probably micritized 
nodular algae). Lithofacies 3 contains ooids and composite coated 
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Figure 35: Facies relationship diagram for second iteration of 
cyclicity analysis of NDGS 6217. Long complex cycle usually 
present as smaller portions, for example, involving just 
lithofacies 3 and 2; or just lithofacies l, 6+7, 8, and 5. All 
lithofacies present are involved in cyclicity except the state 
which was eliminated, lithofacies 12. Key to symbols is given 
in Figure 11. 
143 




I ,, ' 
I ' / t i 
' ,, \ a,''/~," \ 
,, l~ / (/l ~ )I\. ,, + $ Cl. 
\ E 
' t> t> ,, 
/ ~ ~ J!l '' .. 
' co~:~ (') / I ~ \I 
t i 
~ ~ 
~ 'J\,, ~ a:, 6. 
D ?~ 
8 % ~ * Ii SJ 08 D [> ~ ~ ,..... + !H C> t>-C\I @ + CD 
I'- it it ,... 




(!J $ 8 $, ~ ~ ~ 
0 8 ~ ~ [> z Cl) 
(') Jl1 n 8 ~ H' ~ 
144 
Figure 36 : Occurrence of lithofacies relative to subsurface depth of 
lithologic units from NDGS 6217. Approximate location of 
stratigraphic horizons are indicated for top of Tilston interval 
[T] , and top of Mission Canyon Formation (MC), which in this 
locality corresponds approximately with the middle of the 
Frobisher-Alide interval . 
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grains (grapestones), is microstylolitic and partially dolomitized, 
and has sulfate nodules. 
The cyclic relationship involving lithofacies 9, 10, 11, and 13 
is among dolomitic and sulfate-rich lithologies. Lithofacies 9 is 
massive sulfate with some nodular-mosaic or mosaic sulfate layers. 
Lithofacies 10 consists of intercalated massive to mosaic or nodular -
mosaic sulfate and dolostone. Lithofacies 11, similarly, contains 
intercalated sulfate and carbonate layers. In lithofacies 11, 
however, the carbonate is laminated dolomitic limestone or calcitic 
dolostone, the sulfate is nodular-mosaic in texture, and there may be 
ostracods present. Lithofacies 13 is an argillaceous or silty 
dolostone with intercalated massive sulfate beds. 
The lithofacies forming the cycle depicted in the upper portion 
of Figure 35, are predominantly restricted to the lower Frobisher-
Alida and Tilston intervals (Fig. 36). These lithofacies are all 
dolomitic, echinoderm-rich limestones, and differ in the proportions 
of other faunal and diagenetic features present. Lithofacies 1 is 
microstylolitic, and contains bryozoans and ostracods. The combined 
lithofacies 6 + 7 has bryozoans, bioturbation, burrows , and 
microstylolites. Lithofacies 8 has abundant bryozoans, burrows, 
solitary corals, and replacive sulfate. Lithofacies 5 is more 
dolomitic than the preceding three lithofacies and has chert nodules 
and layers, is bioturbated, and contains bryozoans and replacive 
sulfate. 
The lithofacies (4) that connects the cycles portrayed in the 
upper and lower portions of Figure 35, occurs in the upper and lower 
parts of the Frobisher-Alida interval (Fig. 36). Lithofacies 4 
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consists of dolomitic limestone and calcitic dolostone with sulfate 
nodules. Although organic remains are uncommon, it does contain 
burrows and abundant bioturbation. Lithofacies 4 is also 
microstylolitic and may be silty or argillaceous. 
The pattern shown by plot of the pre - and post-state relative 
entropies of the individual lithofaci es on the entropy diagram (Fig. 
37) for the second iteration of the cyclicity analysis of NDGS 6217, 
is of type A4 (truncated asymmetric). Therefore, the sequence 
overall is characterized by asymmetry. The results of Markov 
analysis do, however, indicate that both symmetrical and asymmetrical 
cyclicity are present, although asymmetry dominates the overall 
succession. 
NDGS 6470 
Core from NDGS 6470 (Gulf-Schmidt No. 1-15-4) has 156 units 
over a 273-foot (83 m) length. Clustering of these units with the 95 
percent confidence level as the criterion for definition of valid 
clusters, produced only 3 lithofacies. A further problem was that 
lithofacies 3 is present onl y at the very top of the succession; 
there is only one transition to lith,ofacies 3 and no transitions from 
it. The procedures for some parts of the cyclicity analysis will not 
work in this situation due to the presence of a zero in the 
denominator during calculations. Lithofacies 2 occurs only in the 
uppermost portion of the core; in other words, this core is very 
homogeneous, with most samples clustered as lithofacies 1 . With the 
lithofacies defined in this way, the succession has no Markov 
property. 
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Figure 37: Entropy diagram for second iteration of cyclicity 
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In order to generate a lithofacies succession which could be 
tested, it was necessary to switch to use of a 99 percent clustering 
criterion. Therefore, the lithofacies referred to in the remainder 
of this section are those that were defined by the 99 percent line on 
the dendrogram. The original lithofacies 1, now termed Al, was split 
into four subordinate lithofacies that are referred to by the labels 
Cl to C4. Lithofacies CS is equivalent to lithofacies A2, and 
lithofacies C6 to A3. 
In order to perform cyclicity analysis, it was still necessary 
to remove lithofacies C6 because of its single occurrence at the top 
of the succession. This was done before the first iteration of 
cyclicity analysis could be performed. There are a total of 49 
upward transitions between lithofacies and no state is rare by 
comparison to the others (Fig. 38). The chi-square value produced by 
the first iteration of Markov analysis is 13. 57 with 11 degrees of 
freedom. This value is less than the tabulated critical chi-square 
value for the 95 percent confidence level; the null hypothesis of a 
random succession is not rejected and there is no Markov property 
present. 
Mutual substitutability analysis (Fig. 38) yielded only one 
substitutable pair, lithofacies C2 and CS with a mutual 
substitutability value of 0.70. Because, however, there was no 
Markov property, further iterations of cyclicity analysis were 
inappropriate. Iteration one was considered the final valid stage of 
analysis for NDGS 6470. The entropy diagram (Fig. 39) provides 
supporting evidence for the lack of Markov property. The pattern 
15 1 
Figure 38: Pertinent matrices from first iteration of cyclicity 
analysis for NDGS 6470. Matrices are for l ithofacies set C, 
which uses the 99 percent confidence l evel as the clusteri ng 
identification criterion. Lithofacies C6 was removed before 
cyclicity analysis cal culations were performed, matr i x onl y 





1 2 3 4 5 
1 0 1 4 7 1 13 
2 2 0 4 2 0 8 
From 3 2 5 0 3 1 11 
4 8 2 2 0 2 14 
5 1 0 1 1 0 3 
13 8 11 13 4 49 
Z MATRIX 
To 
1 2 3 4 5 
1 0.00 ·1 . 00 0.03 0.76 -0.17 
2 -0.38 0.00 1. 37 -0.44 -0.78 
From 3 -0.98 2.07 0.00 -0.54 0.08 
4 1.05 -0.51 -1.11 0.00 0.63 
5 0.11 -0.68 0.36 0.07 0.00 
MUTUAL SUBSTITUTABILITY MATRIX 
1 2 3 4 5 
1 1. 00 
2 0.42 1.00 
3 0.25 0.08 1. 00 
4 0.03 0.28 0.39 1.00 
5 0.67 0.70 0.25 0. 34 1.00 
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Figure 39: Entropy diagram for first iteration of cyclicity analysis 
of NDGS 6470. Lithofacies Cl-CS are shown. Shading indicates 
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shown by the entropies for lithofacies Cl to CS is clearly of t ype C, 
that of a random succession. 
The lithofacies depicted in the facies relationship diagram 
(Fig. 40) include both A and C types and are shown fo r iteration one . 
The only relationship among lithofacies is the succession of C3 to 
C2, the only transition whose Z value indicated that it occurs more 
often than expected in a random sequence. Lithofacies Al is an 
echinoderm- and brachiopod-bearing, microstylolitic and dolomitic 
limestone. It was subdivided into four lithofacies that differ in 
the presence or absence of bryozoans and brachiopods, burrows and 
bioturbation, and the effects of diagenet i c processes such as 
dolomitization, silicification, and compaction (microstylolites). 
Lithofacies CS corresponds to A2 and consists of interbedded 
dolostone and sulfate. A4 corresponds to C6 a nd is a massive sulfate 
lithofacies. 
There is clear stratigraphic separation of some of the C 
lithofacies (Fig. 41), in particular some abrupt changes in the 
lithofacies present wherever lithofacies C4 starts, or stops and is 
replaced by another lithofacies. These changes cannot, however , be 
interpreted as cyclic changes because of the lack of Markov proper ty 
in this succession. 
NDGS 7207 
NDGS 7207 (Shell U.S.A. 42-28-43) is the longest core examined 
during this study. A total of 294 lithologic units was distingu i shed 
in core, but many are lithologically very simil ar. Only three 
lithofacies were distinguished by use of the 95 percent confidence 
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Figure 40: Modified facies relationship diagram for NDGS 6470 . This 
shows the lithofacies from the first iteration of cyclicity 
analysis. There is no Markov property in this succession; the 
transition indicated by the arrow is only based on the Z matrix 
information. Correspondences between A lithofacies (based on 95 
percent confidence level) and C lithofacies (us i ng 99 percent 
level) are shown. Key to symbols is given in Figure 11. 
NDGS 6470 
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Figure 41: Occurrence of lithofacies relative to subsurface depth 
diagram for lithologic units from NDGS 6470. Approximate depth 
location of the tops of the Mission Canyon Formation (MC] and 
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level for cluster evaluation. Most of the units, 274 of the 294 
total, are clustered into a single lithofacies. The tally matrix 
constructed from the succession of these lithofacies has only six 
upward lithofacies transitions. With only three states, there is 
only one degree of freedom; the calculated chi-square value of 1.80 
does not indicate the presence of a Markov property at this level. 
Clearly, in this core, the succession of lithofacies based on 
clusters defined by use of the 95 percent confidence level yields 
very little information. With these lithofacies, this stratigraphic 
sequence can be described as essentially homogeneous. 
The use of the 99 percent confidence line for the definition of 
clusters produced 19 lithofacies, too many for the cyclicity analysis 
program to handle. Examination of the largest cluster, however, 
showed that there were several places where the averaging effect had 
suddenly increased the similarity level of linkage, after the level 
for earlier linkages had dropped below the value represented by the 
99 percent confidence line (as in Fig. 9). The large cluster (Al) 
was broken into 7 subordinate clusters by identifying the places 
where this avera·ging occured and prevented similarity values of less 
than the 95 percent level. These are designated Bl to B7. 
Lithofacies BB is equivalent to the lithofacies A2 as defined by use 
of the 95 percent confidence level; similarly lithofacies B9 is 
equivalent to the original lithofacies 3, now designated A3. These 
nine clusters were used for further cyclicity analysis. 
There is a total of 172 upward lithofacies transitions among 
the B lithofacies (Fig. 42). The first iteration of Markov analysis 
yielded a calculated chi-square value of 148.88, with 55 degrees of 
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Figure 42: Pertinent matrices from cyclicity analysis of NDGS 7207. 
Tally and Z matrices are from first iteration of analysis; 
mutual substitutability matrix is from second iteration of 





1 2 3 4 5 6 7 8 9 
1 0 5 2 6 6 14 4 0 0 37 
2 9 0 0 2 1 15 3 0 0 30 
3 0 0 0 2 1 1 0 0 1 5 
From 4 5 2 l 0 6 5 0 0 1 20 
5 6 4 2 5 0 5 1 0 0 23 
6 14 18 0 3 6 0 3 0 0 44 
7 2 2 0 1 1 3 0 l 0 10 
8 0 0 0 0 0 0 0 0 1 l 
9 0 0 0 1 1 0 0 0 0 2 
36 31 5 20 22 43 11 1 3 172 
Z MATRIX 
To 
1 2 3 4 5 6 7 8 9 
1 0.00 -1.15 0. 80 0.46 0.18 0.14 0.89 -0.47 -0.82 
2 0.38 0,00 -0.94 -0.94 -1. 59 1.44 0.72 -0.42 -0. 72 
3 -1.06 -0.95 0.00 1. 99 0. 51 -0.38 -0.53 -0.16 3.43 
From 4 0.06 -0.98 0.63 0.00 2.07 -0. 54 -1.10 -0.33 1. 21 
5 0.13 -0.28 1. 73 1. 36 0.00 -0.89 -0.35 -0.35 -0.61 
6 0.16 2.18 -1. 22 -1. 37 -0.47 0.00 -0.19 -0.54 -0. 94 
7 -0.20 0.10 -0.51 -0.11 -0.22 -0.01 0.00 4.25 -0.39 
8 -0.47 -0.42 -0.16 -0.33 -0.34 -0.54 -0.23 0.00 8.24 
9 -0.67 -0.60 -0.22 1. 70 1. 55 -0.76 -0.33 -0 . 10 0.00 
MUTUAL SUBSTITUTABILITY MATRIX 
l 2 3 4 5 6 7 9 
1 1.00 
2 0.62 1.00 
3 0.21 0.15 1.00 
4 0.39 0.45 0 . 39 1.00 
5 0.45 0.57 0. 31 0.42 1.00 
6 0 .18 0.09 0.12 0.45 0.40 1.00 
7 0. 57 0. 58 0. 29 0. 70 0.64 0.57 1.00 
9 0.09 0 . 01 0 . 19 0.07 0. 16 0.05 0.00 1.00 
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freedom . This indicated the presence of a strong Markov property 
within the succession . There are five significant transitions f or 
the B lithofacies, as indicated by values of greater than 2 . 0 in the 
z matrix (Fig. 42). There are no mutually substitutable pairs of 
lithofacies. However , lithofacies B8 is relatively rare by 
comparison to other lithofacies in this sequence. There is only one 
transition to lithofacies B8 and one transition from it t o anothe r 
lithofacies. Therefore , a second iteration was performed after 
removal of lithofacies B8 from the data set. 
The chi-square value from Markov analysis during the second 
iteration is 67.85 with 41 degrees of freedom. A Markov property is, 
therefore, still present in the succession after removal of 
lithofacies B8, but was weakened, probably due to removal of the 
single transitions to and from lithofacies B8. The other lithofacies 
transitions involved in production of the Markov property remain 
unchanged. Mutual substitutability analysis ( Fig. 42) indicated that 
lithofacies pair B7 and B4 is substitutable with a value at 0.70. 
Combination of lithofacies B7 and B4 permitted a third 
iteration of cyclicity analysis . The calculated chi-square is 55 . 05, 
with 22 degrees of freedom, and exceeds the tabulated critical chi· 
square indicating the continued presence of the Markov property in 
this succession. However, two previously significant lithofacies 
transitions, B3 to B4 and B4 to BS, are absent from the Z matrix for 
the third i teration. There are also no more lithofacies pairs with 
mutual substitutability values greater than 0.63. Since one of the 
criteria for the termination of cyclicity analysis has been 
encountered , i . e. , significant lithofacies transitions have been lost, 
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iteration two was considered to be the final iteration of cyclicity 
analysis for NDGS 7207. 
The cyclic relationships and lithologies present in NDGS 7207 
are shown in the facies relationship diagram (Fig. 43). There are 
three sets of cycles and three lithof.acies not involved in either 
cycle. The first cycle type is shown in the upper left of Figure 43. 
This involves two echinoderm-rich limestones. Lithofacies B6 passes 
upward into lithofacies B7. Lithofacies B6 contains ostracods, more 
stylolites, and more bryozoans than lithofacies B7, which does, 
however, contain solitary corals and is more abundantly 
microstylolitic. This cycle type occurs throughout the succession as 
does each lithofacies involved (Fig. 44). 
The cycle type pictured on the right side of Figure 43 involves 
upward transition from a pyritic fine-grained limestone (lithofacies 
B3) to an intercalated dolostone and massive sulfate lithofacies (B9) 
which displays mudcracks and is laminated. The cycle type depicted 
in the center of Figure 43 begins with an ostracod-rich, 
microstylolitic limestone (B4) that also contains echinoderms, 
brachiopods, and bryozoans. Lithofacies B4 passes upward into 
abundantly microstylolitic limestone (BS) with echinoderms, 
ostracods, and brachiopods. This cyclicity occurs throughout the 
core; the cycle type on the right in Figure 43 is found only in the 
Midale subinterval. The lithofacies without cyclic relationships 
include lithofacies Bl, another echinoderm- and brachiopod-rich, 
microstylolitic limestone; lithofacies B7, originally lithofacies ·A2, 
a peloidal, calcisphere- and ostracod-bearing limestone; and 
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Figure 43: Facies relationship diagram for NDGS 7207. Lithofacies 
are the B lithofacies, derived by subdivision of A lithofacies 
(based on 95 percent confidence level). Three sets of cycles 
are present and three lithofacies, Bl, B7, and B8 are not 
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Figure 44: Occurrence of lithofacies relative to subsurface depth 
diagram for all lithologic units in NDGS 7207. Lithofacies are 
B type, subdivisions of initial (A) lithofacies. Approximate 
stratigraphic position indicated for Mission Canyon top [MC], 
Tilston interval [T], and Frobisher-Alida top (FA]. 
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lithofacies B8, originally A3, a silty or argillaceous dolostone with 
abundant microstylolites and nodular sulfate. 
The entropy pattern shown by the cross plot of pre- and post-
state entropies for the B lithofacies (Fig. 45) is difficult to 
interpret. It shows some of the alignment along the diagonal that 
characterizes pattern type B formed by symmetrical successions. It 
also has points near the high end of the diagonal line that seem to 
form pattern type C representative of random sequences. The cyclic 
transitions determined by Markov analysis are all unidirectional, so 
a pattern showing asymmetrical cyclicity was expected. There is 
disagreement between the results of Markov and entropy analyses for 
NDGS 7207. This serves as a reminder that, although both are methods 
of cyclicity analysis, each technique tests a different property of 
the sequence. 
NDGS 9248 
Clustering of the 281 lithologic units from NDGS 9248 (ARCO-
Manz #l) produced 10 lithofacie~. Only two units failed to be 
included in a cluster and were assigned to lithofacies zero. The 
first iteration of Markov analysis yielded a calculated chi-square of 
115.25, with 71 degrees of freedom. This exceeds the tabulated chi-
square value, and indicates the presence of a Markov property in the 
succession. Five lithofacies transitions were indicated by the Z 
matrix (Fig . 46) as the probable sources of the Markov property. 
Note that lithofacies 6 to 10 are not significant contr i butors to · the 
cyclicity in this succession. Lithofacies pairs 7 and 6 , and 9 and 
17 0 
Figure 45: Entropy diagram for second iteration of cyclicity 
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Figure 46: Pertinent matrices for first iteration of cyclicity 





1 2 3 4 5 6 8 9 10 
1 0 0 2 s l 0 0 0 0 1 9 
2 0 0 0 0 l 0 0 0 0 l 2 
3 L 0 0 0 0 0 0 l 0 0 2 
4 4 0 0 0 0 l 0 2 0 3 10 
From 5 l 0 0 0 0 3 2 0 0 4 10 
6 l 0 0 1 3 0 l 4 0 7 17 
7 l 0 0 0 l 2 0 l l 7 13 
8 l l 1 1 0 3 0 0 0 7 14 
9 0 0 0 0 0 0 1 2 0 2 5 
10 0 l 0 3 4 8 8 4 4 0 32 
9 2 3 10 10, 17 12 14 5 32 tl4 
Z MATRIX 
To 
1 2 3 4 5 6 7 8 9 10 
t 0.00 ·0.37 3.90 4.92 0.29 -l.17 -0.96 -l.04 -0.60 · l. 31 
2 ·0.37 0.00 .0.21 ·0.40 2. 13 -0.54 -0.44 •0.48 ·0.27 0.33 
3 2.29 -0.17 0.00 ·O . 40 ·0.40 ·O .54 ·0.44 l. 60 ·0.28 -0.85 
4 3.76 ·0.40 ·0.49 0.00 -0.92 .o .43 •l.02 0. 70 ·0.63 ·0.42 
From 5 0.29 ·0.40 -0.49 ·O . 92 0 . 00 1.19 0.95 • l . ll -0. 63 0.09 
6 ·O. 31 .o. 54 ·0.66 ·0.43 1. 19 0.00 -0.65 l. 18 -0.86 0.00 
7 0.01 ·0.46 -0. 56 ·l.05 .o. 11 ·0.02 0.00 -0.49 0. 64 0.85 
8 ·0 . 09 l.61 1.12 ·0.20 • l, 11 0.52 · l. 23 0.00 -0.76 0.60 
9 -0.60 ·0.27 ·0.34 ·O. 63 -0.63 -0.86 0 . 72 l. 85 0.00 0.12 
10 · l. 85 0.33 ·l.04 -0. 42 0.09 0.38 1.51 •0.67 1 .60 0.00 
KUTIJAL SUBSTITUTABILITY !iATRIX 
1 2 3 4 s 6 7 8 9 10 
t 1. 00 
2 0.04 1.00 
3 0 . 00 0.00 1.00 
4 0 . 01 0.18 0.64 1.00 
5 0 . 02 0.28 0.02 0.40 1. 00 
6 0.09 0.67 0.06 0.33 0 . 44 l.00 
7 0 . 01 0. 51 0 . 00 0.35 0 . 67 0 . 77 1.00 
8 0 . 15 0.27 0 . 00 0.27 0 . 75 0 . 44 0 . 66 l.00 
9 0 . 01 0. 32 0 . 00 0.30 0.47 0 . 77 0.66 0 . 38 l.00 
10 o. 15 0 . 08 0 . 06 0 . 05 0 . 23 0. 13 0.04 0 . 14 0 .05 1.00 
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6, both have mutual substitutabilities of 0.77 (Fig. 46). 
Lithofacies 8 and 5 are mutual substitutable at 0.75. 
The second iteration of cyclicity analysis was initiated by 
combination of lithofacies 7 and 6. The chi-square value for this 
iteration is 107.50 with 55 degrees of freedom, indicating an 
increase in the strength of the Markov property from the first to the 
second iteration. The significant transitions remained unchanged 
between iterations. The mutual substitutability matrix shows that 
lithofacies 8 and 5 with a mutual substitutability value of 0.75, 
should be combined to permit a third iteration. Lithofacies pair 9 
and (6 + 7) also has a high mutual substitutability value of 0.74. 
The combination of lithofacies 5 and 8 for iteration three 
produced a slight increase in the strength of the Markov property. 
The chi-square value is 89.32, with 41 degrees of freedom. One of 
the previously significant lithofacies transitions was, however, lost 
during this iteration. Although lith.ofacies pairs remain with mutual 
substitutability values greater than 0.70, one of the criteria for 
termination of cyclicity analysis has been encountered. The second 
iteration was, therefore, the final iteration of analysis for NDGS 
9248. 
Lithofacies and cyclic relationships for the final iteration 
are shown in the facies relationship diagram for NDGS 9248 (Fig. 47). 
Two cycle types are depicted: a symmetric cycle involving 
lithofacies 3, 1, and 4; and an asymmetric cycle with lithofacies 2 
passing upward into lithofacies 5. Four lithofacies are not involved 
in the cyclic relationships; there is also no interaction between 
lithofacies in different cycles. The cyclic relationship between 
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Figure 47: Facies relationship diagram for NDGS 9248. All litho-
facies of second iteration of cyclicity analysis are shown. Two 
cycle types are shown. Four lithofacies, 6+7, 8, 9, and 10, 
lack cyclic relationships. Key to symbols is given in 
Figure 11. 
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lithofacies 2 and S occurs only in the uppermost Frobisher-Alida 
interval, possibly just in the Rival subinterval (Fig. 48). 
The transitions between lithofacies 4 and 1 are located 
primarily in the Tilston interval, where these are the two most 
abundant lithologies (Fig. 48). The transitions between lithofacies 
1 and 3, as well as one of the lithofacies changes from 4 to 1, lie 
within the Midale subinterval. Because of this difference in the 
stratigraphic occurrence of different portions of the cycle involving 
lithofacies 3, 1, and 4, this cycle is unlikely ever to be fully 
developed within this succession. 
The cycle shown at the top of Figure 47 involves symmetrical 
transitions between three limestones. Lithofacies 3 is a laminated, 
ostracod-bearing, mottled, and pyritiferous limestone with relatively 
few allochems. Lithofacies l, which may lie above or below 
lithofacies 3 in this cycle, is a fenestral limestone characterized 
by coated grains (ooids and composite -coated grains) and peloids. 
Lithofacies 4, which precedes or succeeds lithofacies 1 in this 
succession, is an echinoderm-rich limestone with brachiopods, 
ostracods, foraminiferids, peloids, and intraclasts. The cycle 
depicted at the bottom of Figure 47 consists of upward transition 
from a laminated and microstylolitic, fine-grained limestone with 
mudcracks and replacive sulfate (lithofacies 2), to massive sulfate 
(lithofacies 5). 
The lithofacies in NDGS 9248 that lack cyclic relationships 
include a massive anhydrite with pyrite along partings (lithofacies 
9), and three dolomitic lithofacies that range from silty dolostone 
with nodular sulfate (lithofacies 6 + 7), to laminated calcitic 
178 
Figure 48: Occurrence of lithofacies relative to subsurface depth 
for all lithologic units from NDGS 9248 . Approximate location 
of the following stratigraphic horizons are indicated: top of 
Frobisher-Alida interval [FA], top of Mission Canyon Formation 
(MC], and approximate location of top of Tilston interval [T]. 
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dolostone with replacive sulfate (lithofacies 8), to intercalated 
calcitic dolostone and dolomitic limestone with sulfate nodules 
(lithofacies 10). These lithologies occur primarily in the upper 
Frobisher-Alida interval and the Midale subinterval (Fig. 48). 
The entropy pattern formed by the individual lithofacies (Fig. 
49) appears to resemble pattern type A4, truncated asymmetric 
cyclicity, of Hattori (1976). This is at variance with the results 
of Markov analysis that indicated primarily symmetric cyclicity. The 
lithofacies that are actually involved in cyclicity (lithofacies 1-5) 
do, however, lie more or less along the diagonal line. The entropy 
diagram might, therefore, represent a succession with mixed cyclic 
tendencies. But, the pattern on the entropy diagram best resembles 
type A4, and probably indicates asymmetric tendencies in the 
succession as a whole that do not occur with enough frequency to be 
statistically cyclic. 
NDGS 4252 
This relatively short core of only 120 feet (36 m) has 111 
visually distinguishable lithologic units. Clustering of the units 
from NDGS 4252 (Chevron-Grimm No. 1) produced four states when using 
the 95 percent confidence level for identification of clusters. All 
units were included within valid clusters. The succession of the 
four states, or lithofacies, had only 37 transitions from one 
lithofacies to another . These were almost entirely transitions of 
lithofacies 2, 3, and 4 to and from lithofacies 1. 
The succession possessed no Markov property, having a chi-
square value of 4.97 for 5 degrees of freedom. Furthermore, there is 
i81 
Figure 49: Entropy diagram from second iteration of cycl icity 
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complete mutual substitutability at very high values (0. 91, 0. 89, 
0.81) between lithofacies 2, 3, and 4, due to their almost complete 
transition to and from only lithofacies 1. These characteristics may 
have arisen because units belonging to lithofacies 1 are more 
numerous than in any of the other lithofacies, comprising over half 
(57) of the lithologic units in the core. 
Examination of the dendrograrn revealed that cluster 1 consisted 
of two subordinate clusters that had linked internally at a 
similarity value between the 99 percent and 95 percent confidence 
levels. These two subordinate clusters were then joined to each 
other at a higher similarity level due to the averaging effect. If 
the initial cluster (Al) is split into these two subordinate groups 
(lithofacies Bl and B2) in a manner similar to that used with NDGS 
7207, more informative cyclicity results may be produced. The other 
three lithofacies could, for example, have cyclic relationships with 
portions of lithofacies A, that will be revealed when the large group 
is split. This splitting was done and cyclicity analysis performed 
again, using the five lithofacies referred to as Bl to BS. 
The first iteration of Markov analysis using the B lithofacies 
yielded a calculated chi-square value of 19.44, with 11 degrees of 
freedom. This indicates the presence of a Markov property with a 
little less than 95 percent confidence. The weak Markov property is 
most likely due to the lithofacies transitions B2 to B3, and B3 to 
B4, as these are the only transitions that. have Z values greater than 
2.0 (Fig. 50). Mutual substitutability is very high for three pairs 
of lithofacies: B2 and BS at 0.93, B2 and B4 at 0.92, and B4 and BS 
at 0.88 (Fig. 50). Note that these represent all possible pairs of 
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Figure 50: Pertinent matrices for first iteration of cyclicity 





1 2 3 4 5 
1 0 12 2 6 5 25 
2 11 0 4 0 0 15 
From 3 3 1 0 2 0 6 
4 s 1 1 0 1 8 
5 6 0 0 0 0 6 
25 14 7 8 6 60 
Z MATRIX 
To 
1 2 3 4 5 
1 0.00 0.41 -1.26 0.20 0.47 
2 -0.09 0.00 2.51 -1.20 -1 .02 
From 3 -0.54 0.00 0.00 2.06 -0 .62 
4 -0.23 -0.30 0.52 0.00 0.68 
5 0.96 -0.99 -0.66 -0. 72 0.00 
MUTUAL SUBSTITUTABILITY MATRIX 
1 2 3 4 5 
1 1. 00 
2 0.00 1.00 
3 0.34 0.34 1. 00 
4 0.02 0.92 0.33 1. 00 
5 0.00 0.93 0.38 0.88 1.00 
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these lithofacies. However, since there is not Markov property at 
the 95 percent significance level, the first iteration was the fina l 
iteration so no substitution was performed. 
The facies relationship diagram (Fig. 51) for the first 
iteration of cyclicity analysis using the B lithofacies set, displays 
an asynunetrical cycle of three lithofacies. The lowermost 
lithofacies, B2, consists of calcitic dolostone and dolomitic 
limestone with mudcracks and replacive sulfate. This passes upward 
into lithofacies B3 which is a laminated and microstylolitic 
limestone containing ostracods, peloids, and algal stromatolites. 
This lithology is overlain by lithofacies B4, massive to nodular-
mosaic sulfate. Within the core, the actual cyclic transitions 
between these states occur only in the lowermost 20 feet of the 
Frobisher-Alida interval, immediately above the Tilston interval 
(Fig. 52). Therefore, despite distribution of all of the lithofacies 
throughout the length of the core, the zone of cyclicity is extremely 
restricted. 
Two of the lithofacies are not shown on the facies relationship 
diagram (Fig. 51). These lithofacies, Bl and BS, have no cyclic 
relationships with any other lithofacies. These, like the other 
three lithofacies, appear to be distributed throughout the length of 
the core (Fig. 52). Lithofacies Bl, a portion of the original 
lithofacies Al, consists of intercalated massive to nodular-mosaic 
sulfate and sulfate nodule-bearing dolostone. Lithofacies BS is a 
laminated massive sulfate. 
The pattern formed on the entropy plot by the B lithofacies 
(Fig. 53) is hard to interpret with any degree of certainty. The 
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Figure 51: Facies relationship diagram for B lithofacies set of 
NDGS 4252. Only participants in cycl ic relat i onship are shown. 
In addition to the packstone to mudstone carbonate textures 
present in lithofacies B3, there are occur rences of a l gal 
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Figure 52: Occurrence of lithofacies relative to subsurface depth 
for all lithologic units from NDGS 4252. Lithofacies shown are 
B lithofacies 1 to 5 . Approximate location of the Tilston 
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Figure 53. Entropy diagram for first iteration of cyclicity analysis 
of NDGS 4252. Entropies are for B lithofacies. 
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position of point 5 on the line where relative post-state entropy is 
zero, may be because only lithofacies Bl has any transitions upward 
into lithofacies BS. If so, the remaining four lithofacies form an 
A4 type of entropy pattern, indicating that this succession is 
dominated by truncated asymmetric cyclicity. This is in agreement 
with the results of Markov analysis for this succession. 
Furthermore, three lithofacies of the five that, according to Markov 
analysis, do have cyclic relationships are in the center of the 
diagram, whereas lithofacies Bl, lacking cyclicity, is near the point 
of the plot representing total entropy or randomness. For this 
reason, this entropy pattern was interpreted as an A4 type of Hattori 
(1976). 
NDGS 4208 
In the 102 feet (31 m) of core from NDGS 4208 (Chevron-Lang No. 
1) 111 distinct lithologic units are present. Clustering of these 
units produced only three lithofacies with a total of only 13 upwards 
lithofacies transitions over the length of the lithofacies succession 
(Fig. 54). · The calculated chi-square value is 0.81 with one degree 
of freedom, indicating that there is no significant Markov property 
in the succession. There are no lithofacies transitions with values 
greater than 2.0 in the Z matrix (Fig. 54). And there are also no 
mutually substitutable lithofacies pairs; the highest mutual 
substitutability value is 0.32. 
The entropy plot (Fig. SSA) for this first iteration of NDGS 
4208, using the three lithofacies defined by the 95 percent 
confidence level, is clearly of type C and indicates that this is a 
194 
Figure 54: Pertinent matrices from first iteration of cyclicity 
analysis of NDGS 4208. Lithofacies (A) defined at the 95 
percent confidence level were used. Al so shown is the resulting 
chi-square value. 
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NDGS 4208 - First Iteration 
TALLY MATRIX 
To 
1 2 3 
1 0 1 4 s 
From 2 2 0 1 3 
3 3 2 0 3 
s 3 s 13 
UPWARD TRANSITION PROBABILITIES 
To 
1 2 3 
1 0.00 0.20 0.80 
From 2 0.67 0.00 0.33 
3 0.60 0.40 0.00 
EXPECTED VALUE MATRIX 
To 
1 2 3 
1 0.00 1. so 3.SO 
From 2 1. so 0.00 1. so 
3 3.SO 1. so 0.00 
Z MATRIX 
To 
1 2 3 
1 0.00 -0.41 0.27 
From 2 0.41 0.00 -0.41 
3 -0.27 0.41 0.00 
CHI-SQUARED - 0.81 OF - 1 
MUTUAL SUBSTITUTABILITY MATRIX 
1 2 3 
1 1.00 
2 0.32 1. 00 
3 0.02 0.32 1. 00 
196 
Figure 55: Entropy diagrams for NDGS 4208. 
A. Entropy plot of 3 lithofacies (Al, A2. A3) from first 
iteration of cyclicity analysis using lithofacies defined at 
95 percent level. Shaded area indicates entropy pattern 
type C (Hattori, 1976). 
B. Entropy diagram from first iteration of cyclicity analysis 
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random succession. This interpretation is supported by the high 
system entropy value of 0.827. Many of the characteristics revealed 
by cycl i city analysis, can be attributed to the dominance of the 
succession by lithofacies 1 (Fig. 56, lithofacies 1 is sum of C 
lithofacies 1-4 defined at the 99 percent level seen on Fig. 56). 
Lithofacies 1 is the only lithofacies present for more than half the 
length of the core. In addition , lithofacies 1 is so abundant that 
it is easily understood why transitions to and from lithofacies 1 
dominate the succession. 
If, instead, the 99 percent confidence level is used to define 
clusters, it may be possible to break lithofacies 1 into smaller 
clusters that may possess cyclic relationships. When this was 
attempted, the large cluster was divisib l e into four subordinate 
clusters. The two original smaller clusters , lithofacies 2 and 3, 
remained the same. The lithofacies defined by use of the 95 percent 
confidence level were designated Al to A3, and the lithofacies 
defined with the 99 percent level were designated Cl to C6. 
The first iteration of cyclicity analysis using the C 
lithofacies produced a chi-square value of 24.96 for 19 degrees of 
freedom. This indicates the presence of the Markov property in the 
succession with only 80 percent confidence. The probable sources of 
this weak Markov property, as indicated by the Z matrix (Fig. 57), 
are the transitions from CS to C3 and from C6 to CS. The further 
subdivision of lithofacies Al led directly- to these results; since 
lithofacies C3 was originally a part of Al, its separation was 
necessary to reveal its tendency to be underlain by CS. 
199 
Figure 56: Occurrence of lithofacies relative to subsurface depth 
diagrams for all lithologic units from NDGS 4208. Lithofacies 
versus depth for 6 lithofacies (C) defined by use of 99 percent 
interval. Stratigraphic horizons indicated are top of Tilston 
interval [T], and probable top of lower half of Frobisher-Alida 
interval [mFA]. Lithofacies Cl to C4 are subdivisions of 
lithofacies Al defined at 95 percent level. Lithofacies CS -
lithofacies A2, Lithofacies C6 - lithofacies A3. 
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Figure 57: Pertinent matrices for cyclicity analysis of NDGS 4208 




1 2 3 4 5 6 
1 0 2 2 4 0 1 9 
2 2 0 0 0 0 0 2 
From 3 2 0 0 2 1 0 5 
4 4 1 0 0 0 2 7 
5 0 0 2 0 0 1 3 
6 1 0 1 1 2 0 5 
9 3 5 7 3 4 31 
Z MATRIX 
To 
1 2 3 4 5 6 
1 0.00 0.86 -0.02 0.49 -1.06 -0.48 
2 1.44 0.00 -0.57 -0.70 -0.42 -0.50 
From 3 -0.02 -0.68 0.00 0.57 0.75 -0.83 
4 0.49 0.33 -1.16 0. 00 -0.86 0.91 
5 -1. 06 -0.51 2.19 -0.86 0.00 1.00 
6 -0.68 -0.67 0 .18 -0 .2 6 2.25 0.00 
MUTUAL SUBSTITUTABILITY MATRIX 
1 2 3 4 5 6 
1 1.00 
2 0.00 1.00 
3 0.04 0.40 1. 00 
4 0.04 0.68 0. 38 1. 00 
5 0.16 0.00 0.00 0.08 1.00 
6 0.30 0.28 0 .. 41 0.12 0.00 1. 00 
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Mutual substitutability analysis indicates that no lithofacies 
pairs are substitutable (Fig. 57). The highest mutual 
substitutability is 0.68, below the chosen threshold value for this 
study. Furthermore, since Markov property is not present at the 95 
percent confidence level, no further iterations of cyclicity analysis 
were indicated. 
The final C lithofacies and cyclicity are displayed on the 
facies relationship diagram (Fig. 58). The cycle is asymmetric and 
involves three lithofacies. Lithofacies C6 consists of dolostone 
with nodules and nodular-mosaic layers of sulfate. This passes 
upward into lithofacies CS, which contains dolostone, calcitic 
dolostone, and dolomitic limestone . This is overlain by lithofacies 
C3, a dolomitic, laminated, peloidal limestone, that contains 
echinoderms, ostracods, and calcispheres. The three lithofacies 
without cyclic relationships are Cl, C2, and C4. Lithofacies C4 
consists of dolomitic limestone with abundant peloids, ostracods, and 
irregular intraclasts (probable nodular algae), and is 
microstylolitic. Lithofacies 2 is an oolitic limestone with 
composite-coated grains, peloids, and intraclasts. It is 
characterized by fenestral fabric or microstylolites. Lithofacies Cl 
consists of fenestral peloidal limestone with calcispheres, 
ostracods, and irregular intraclasts, as well as replacive sulfate. 
The depth distribution of the C lithofacies (Fig. 56) shows 
that the actual cyclic transitions within this succession must occur 
in the uppermost and lowermost quarters of the lower half of the 
Frobisher-Alida interval, since the lithofacies involved are 
restricted to these zones. There is also distinct stratigraphic 
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Figure 58 : Facies relationship diagram for NDGS 4208. Shown are 
results of first iteration of cyclicity analysis for C 
lithofacies. Three lithofacies display an asymmetric cycl ic 
relationship; three lithofacies possess no cycl i c character. 
Key to symbols is given in Figure 11 . 
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separation of other lithofacies, in particular, lithofacies Cl and 
lithofacies C4, both split from the original large lithofacies Al. 
The entropy diagram for NDGS 4208 using the C lithofacies (Fig. 
53) is not easily interpreted. The position of lithofacies Cl, C3, 
C4, and CS is suggestive of entropy pattern B, that of a symmetric 
succession. However, the pattern could also be that of type A4, a 
truncated asymmetric succession. This second interpretation is 
favored because of the support from other evidence. In particular, 
the cyclic transitions identified by Markov analysis are also 
asymmetric. The evidence is not conclusive, however, for either 
choice. 
NDGS 7936 
Clustering of the 136 lithologic units identified in NDGS 7936 
(Chevron-Rambough No. 1) produced four lithofac ies. All units were 
assigned to one of the lithofacies at similarity levels greater than 
the 95 percent confidence level. Although the relatively low number 
of lithofacies produced could l~ad one to suspect a problem similar 
to those encountered with data sets in which a majority of lithologic 
units are grouped into one lithofacies, this is a relatively short 
core, only 140 feet (43 m) long, and no single lithofacies is 
excessively more numerous than any other lithofacies. Therefore, the 
small number of lithofacies can probably be attributed to the short 
length of the core. 
The tally matrix for the succession of the four lithofacies ' in 
NDGS 7936 (Fig. 59) shows that there are a total of 37 upward 
transitions to another lithofacies. The first iteration of cyclicity 
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Figure 59: Pertinent matrices from cyclic i ty of NDGS 7936 . Al so 
shown is calculated chi-square value. 
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NDGS 7936 - First Iteration 
TALLY MATRIX 
To 
1 2 3 4 
1 0 1 2 5 8 
From 2 1 0 0 3 4 
3 3 0 0 7 10 
4 4 3 8 0 15 
8 4 10 15 37 
UPWARD TRANSITION PROBABILITIES 
To 
1 2 3 4 
1 0.00 0.13 0.25 0.63 
From 2 0.25 0.00 0.00 0.75 
3 0.30 0.00 0.00 0.70 
4 0.27 0.20 0.53 0.00 
EXPECTED VALUE MATRIX 
To 
1 2 3 4 
1 0.00 0.67 1. 95 5.39 
From 2 0.67 0.00 0.89 2.45 
3 1. 95 0.89 0.00 7.17 
4 5.38 2.45 7.16 0 . 00 
Z MATRIX 
To 
1 2 3 4 
1 0.00 0.41 0.04 -0.17 
From 2 0.41 0.00 -0.94 0.35 
3 0.75 -0.94 0.00 -0.06 
4 -0 .60 0. 35 0. 31 0.00 
CHI-SQUARED - 3.41 OF= 5 
MUTUAL SUBSTITUTABILITY MATRIX 
l 2 3 4 
1 1. 00 
2 0.64 1. 00 
3 0 . 64 0.99 l. 00 
4 0.19 0.02 0.02 1. 00 
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analysis yielded a chi-square value of 3.41 with 5 degrees of 
freedom. This does not exceed the tabulated chi-square value for 95 
percent statistical confidence, indicating that there is no Markov 
property present within this sequence. No values in the Z matrix 
exceed 2.0 (Fig. 59); therefore, no lithofacies transitions occur 
more often than expected within a random succession, although there 
is a very high level of mutual substitutability, at 0.99, for 
lithofacies 2 and 3 (Fig. 59). 
In the entropy plot (Fig. 60) for NDGS 7936, all the points for 
the individual lithofacies fall along the diagonal line and form 
entropy pattern type B. However, neither Markov property nor any 
significant lithofacies transitions were discovered during Markov 
analysis. The source of the symmetry shown on the entropy diagram 
can be seen in the tally matrix (Fig .. 59). The number of transitions 
to and from each lithofacies to each of the other lithofacies is very 
similar, either being equal or differing by one. Thus, the 
transition tally matrix is symmetrical and the overall succession has 
symmetric cyclicity, but not enough to differ from a random sequence. 
The most abundant states have the most abundant transitions with the 
other most abundant states and the least transitions to the least 
abundant states. 
The lack of cyclic relationships at this locality may be due to 
the degree of stratigraphic separation that can be seen in the 
vertical distribution of lithofacies in the core (Fig. 61). 
Lithofacies 1 and 4, the most common lithofacies, have only slightly 
overlapping occurrences. Lithofacies 1 occurs in the lower half of 
the core and dominates the Tilston interval. Lithofacies 4 occurs 
210 
Figure 60: Entropy diagram for NDGS 7936. Shaded area indicates 
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Figure 61: Occurrence of lithofacies relative to subsurface depth 
diagram for all lithologic units from NDGS 7936. Top of 
Lodgepole Formation [LP} is indicated. Approximate location of 
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primarily in the upper half of the core, dominating that portion of 
the lower Frobisher-Alida interval present in this core, as well as 
the upper ten feet (3-4 m) of the Tilston interval. 
The facies relationship diagram (Fig. 62) depicts the four 
lithofacies present in NDGS 7936 and the lack of significant 
transitions between them. Lithofacies 1 is a peloidal, echinoderm-
and brachiopod-bearing limestone that may also be dolomitic and 
contain ostracods. Lithofacies 2 consists of massive sulfate. 
Lithofacies 3 is another peloidal limestone, this one with 
calcispheres and ostracods, replacive sulfate and microstylolites. 
The last of the lithofacies present in NDGS 7936 is lithofacies 4, a 
laminated, calci tic dolostone to dolomitic limestone with little 
evidence of organisms, either as trace or body fossils. 
Group Analyses 
In addition to analysis of individual cores, selected portions 
of the stratigraphic sequence were examined for cyclicity using data 
from more than one well. Combination of data from equivalent 
stratigraphic intervals in multiple localities yielded two-fold 
benefits: large enough data sets could be generated to perform 
cyclicity analysis for vertical intervals that would be too short 
(have too few transitions) in individual cores; and some 
stratigraphic subdivisions of the carbonate and evaporite sequence of 
the Mission Canyon and lower Charles Formations could be examined for 
cyclicity over a larger area of the Williston Basin than represented · 
by a single locality. In all, five combined data sets were examined . 
The stratigraphic units examined, using the combined data sets, 
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Figure 62: Facies relationship diagram for NDGS 7936. Note lack of 
cyclic relationships. Key to symbols is given in Figure 11. 
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included the Midale subinterval, the upper and lower halves of the 
Frobisher-Alida interval, and the Tilston interval. 
In order to generate the tally matrices for cyclicity analysis 
of the combined data sets, new lithofacies had to be defined. The 
lithofacies defined for individual cores have no statistical validity 
beyond that well location. Therefore, after determining which cores 
contain all or a portion of the stratigraphic interval under 
investigation, and determining which lithologic units (samples) 
within such cores are within this interval, cluster analysis was 
performed using all lithologic units from all core segments included 
in the combined data set. Lithofacies successions for each 
individual core segment used in a set were then generated using these 
lithofacies and the lithofacies transitions for all of the segments 
were summed in the tally matrix for the group . The core segments, 
specific lithologic units used, and lithofacies assignments are given 
in Appendix C. The stratigraphic relationships of the individual 
cores and core segments used in the group analyses are shown in 
Figure 7. 
Cyclicity analysis procedures used for the examination of the 
sequences represented by the five combined data sets were identical 
to those used for individual well cores, with the exception of 
additional tests for lateral homogeneity between segments used in 
each of the combined data sets. 
Results of Homogeneity Tests 
As described earlier, lateral homogeneity, between matrices 
summarizing the lithofacies transitions of a series of stratigraphic 
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successions, is analogous to vertical homogeneity , or stationarity, 
between matrices representing vertically separated portions of a 
single succession. The presence of homogeneity means that, on a 
statistical basis, there are equal transition probabilities for 
identical cells or lithofacies transitions in the matrices being 
compared. The results and conditions of the homogeneity tests run 
for each of the five combined data sets are summarized in Table 4. 
The tabulated chi-square value for 95 percent confidence and 
the appropriate number of degrees of freedom, in all cases exceeded 
the calculated chi-square value. Thus, the null hypothesis of 
homogeneity among the successions used (core segments) was not 
rejected for any of the group sets. Therefore, the homogeneity tests 
indicated that the core segments used in the combined data sets do 
not differ from one another sufficiently to make their use together 
invalid as a means of examining cyclicity within the selected 
stratigraphic interval. 
The homogeneity tests conducted for this study cannot be 
regarded as statistically rigorous. As a result of several factors, 
complete matrices using all lithofacies and all core segments 
included within a group could not be tested using the procedure of 
Powers and Easterling (1982). The first of these factors is that in 
none of the combined data sets is each of the lithofacies represented 
in all core segments within the group. This occurs for several 
reasons. Some core segments used are very short and consequently 
have few lithofacies and lithofacies transitions; these segments 
could not have all lithofacies present due to their small size. Such 
TABLE 4.--Results of homogeneity tests on combined data sets 
Wells Wells Facies No. Errors Rejection 
Data in used in used in from Zero Degrees of Null 
Set Stratigraphic No. Data Homogeneity Homogeneity Expected Calculated of Hypothesis 
No . Interval States Set Tests Tests Value Chi-sguare Freedom at 95 I 
793 X 
6 1059 1,2,4, 




trial 4252 X 1,2,4, 7 47.00 48 NO 
l lower half 7936 X 6,9 
II-- Frobisher-Alida 10 
trial interval 4208 X 1,2,4, N 
2 (southeast) 4252 5 ,6, 9, 15 21.68 35 NO ,-
'° 7936 X 10 
--
4208 
III Tilston 9 4252 1, 3 ,4 , 5, 8 27.05 24 NO 
(southeast) 7936 X 6,9 
9248 X 
upper half 1059 X 1,3,4,9 7 29. 77 24 NO 
IV Frobisher-Alida 12 8794 X 10,12 
interval (north) 
upper half 793 X 1,2,3,5, 
V Frobisher-Alida 12 1262 X 6,7,8,9, 36 81. 32 99 NO 
interval (central) 7918 10,14,15 
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core segments could not be used for homogeneity tests as they were 
characterized by tally matrices composed primarily of zeros. 
A few of the lithofacies identified by cluster analysis are 
relatively rare, with only a few occurrences and fewer lithofacies 
transitions and, therefore, are unlikely to occur in all core 
segments used. In addition, some of these rare lithofacies have 
transitions with only one or two other lithofacies; this produces a 
large percentage of cells with a zero in the expected value matrix 
and an error when computing chi-square. Such considerations led to 
the removal of some lithofacies from the matrices used for the 
homogeneity tests. Furthermore, even after such precautions, in all 
cases, some expected values of zero were still generated and had to 
be neglected during calculation of the chi-square test value. These 
were generally only a small proportion of the total number of cells 
but indicated that the segments of core used in the combined data set 
analyses probably have too few transitions (or too many lithofacies) 
for rigorous cyclicity analysis individually. 
A second factor preventing rigorous application of the 
homogeneity tests is that some core segments had too few transitions 
for analysis due to the position of certain lithofacies only at the 
top or bottom of the core. This also occurs due to transitions to 
lithofacies zero that arise because of physical gaps in the core or 
assignment of lithologic units to the zero lithofacies. Such core 
segments could not be included in the homogeneity tests. Problems 
such as these led to elimination of some core segments from the 
homogeneity tests of some of the combined data sets. For these 
reasons, therefore, the results of the homogeneity tests on the 
2~ 1 
combined data sets are regarded as general indicators of probable 
homogeneity rather than rigorous statistical determinations . 
Combined Data Set I 
Combined data set I consists of portions of five cores (Fig. 7; 
Table 4) that were chosen for their stratigraphic coverage of the 
Midale subinterval. This is the highest stratigraphic unit 
investigated in this study and is the lowermost subdivision of the 
Ratcliffe interval. Depending on well location, the Midale may fall 
either within the Charles or Mission Canyon Formations. There is 
probably core representing the Midale subinterval in NDGS 7207, but 
in this well the Midale was not identified with certainty; therefore, 
this core was excluded from this first group. 
Cluster analysis of 201 lithologic units from five cores 
produced six lithofacies with a 95 percent confidence level. More 
than half of the lithologic units clustered as part of lithofacies 1. 
This lithofacies tends to occur as a series of lithologic units of 
the same lithology (Appendix C), transitions in these strings between 
units of tne same lithofacies are not included in the embedded tally 
matrix. For this reason, the number of transitions to and from 
lithofacies 1 is not out of proportion relative to the other 
lithofacies in the tally matrix (Fig. 63) despite its numerical 
abundance. 
The calculated chi-square value for combined data set I is 
27.71, with 19 degrees of freedom. This exceeds the tabulated chi-
square value only at the 90 percent confidence level. Therefore, 
with 95 percent confidence, no Markov property is present in the 
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Figure 63: Pertinent matrices from cyclicity anal ys i s of Midal e 
subinterval (combined data set I). 
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CD Sec I 
TALLY MATRIX 
To 
l 2 3 4 5 6 
l 0 4 0 6 l 4 15 
2 3 0 l l 5 3 13 
From 3 0 1 0 0 2 1 4 
4 5 2 0 0 0 2 9 
5 0 4 2 3 0 2 11 
6 3 2 l 0 4 0 10 
11 13 4 10 12 12 62 
Z MATRIX 
To 
1 2 3 4 5 6 
l 0.00 -0.03 -1.02 l. 88 -1. 36 0.27 
2 -0.10 0.00 0.07 -0.97 1.00 -0.08 
From 3 -0.90 0.07 0.00 -0.80 l. 31 0.23 
4 2.08 -0.21 -0. 77 0.00 -1.43 -0.00 
5 -1. 61 0.59 1.42 0.64 0.00 -0 . 35 
6 0.42 -0.43 0.38 -1. 37 1. 06 0.00 
MUTUAL SUBSTITUTABILITY MATRIX 
l 2 3 4 5 6 
l 1.00 
2 0 . 16 1.00 
3 0.18 0.50 l. 00 
4 0.02 0.45 0.12 1.00 
5 0.53 0.09 0.23 0.09 1.00 
6 0.13 0.63 0.37 0. 50 0.17 1.00 
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Midale subinterval as represented by combined data set I. The Z 
matrix (Fig. 63) has one lithofacies transition, from lithofacies 4 
to lithofacies 1, that occurs significantly more often than expected 
in a random succession. It does not occur often enough, however, to 
contribute to a significant Markov property. 
There are no lithofacies pairs with mutual substitutability 
values greater than 0.63. There was, therefore, no further iteration 
of cyclicity analysis. The facies relationship diagram (Fig. 64A) 
summarizes the six lithofacies delineated by cluster analysis. The 
lithofacies transition shown in the diagram was identified from the Z 
matrix but does not represent the existence of a significant Markov 
property. Lithofacies 4, a dolomitic limestone to dolostone, with 
brachiopods and replacive sulfate, tends to be overlain by an 
ostracod-rich limestone with peloids and microstylolites. The other 
four lithofacies include two sulfate and two dolomitic lithologies. 
Lithofacies 2 and 3 are both characterized by massive sulfate; in 
lithofacies 3 this is laminated, whereas in lithofacies 2, the 
sulfate is interbedded with dolostone or dolomitic limestone with 
calcispheres and nodular sulfate. Lithofacies Sand 6 both consist 
primarily of dolostone. In lithofacies S the dolostone is pattern 
mottled and argillaceous, and contains sulfate nodules. Lithofacies 
6 can consist of dolostone or dolomitic limestone and is generally 
featureless with the exception of the presence of some lamination. 
The entropy pattern for combined data set I consists of a 
relatively tight cluster of points with high entropies (Fig. 64B). 
The pattern most closely resembles pattern type C of Hattori (1976), 
representing a random succession, but displays some traits of type 
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Figure 64: Facies relationship and entropy diagrams for combined 
data set I (Midale subinterval). 
A. Facies relationship diagram from first iteration of 
cyclicity analysis. Arrow indicates transition indicated by 
Z matrix as occurring more often than expected but no Markov 
property was identified in this sequence. Key to symbols is 
given in Figure 11. 
B. Entropy diagram for combined data set I. Shaded area is 
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A4, a truncated asymmetric succession. This interpretation is 
compatible with the lack of Markov property and the weak transition 
shown in Figure 64A. 
Combined Data Set II 
In the four wells located in the southeastern portion of the 
study area (Fig. 6; Table 4) only the lower half of the stratigraphic 
interval studied has been cored. Combined data set II is composed of 
the portions of three of these cores that represent the lower half of 
the Frobisher-Alida interval. In this southeastern area, the 
lithologic boundary that separates the Charles and Mission Canyon 
Formations is lower in the vertical succession than elsewhere in the 
study area. Combined data set II, although representing the lower 
Frobisher-Alida interval, probably lies within the Charles Formation 
(Fig. 7). 
A total of 228 lithologic units from the three cores was 
clustered to produce a set of lithofacies representing the lower 
Frobisher-Alida in this area. Ten lithofacies were defined by 
cluster analysis with 95 percent confidence. The transition tally 
matrix constructed using these lithofacies (Fig. 65) shows a total of 
113 transitions between lithofacies and a minimum of three 
transitions to or from each of the 10 lithofacies. 
The chi-square value for the first iteration of cyclic ity 
analysis is 103.89, with 71 degrees of freedom. This value just 
exceeds the tabulated chi-square value for the 95 percent confidence 
level, indicating the presence of a weak Markov property in the 
succession represented by these three portions of core. Five 
22 8 
Figure 65: Pertinent matrices for cyclicity analysis of lower half 
of Frobisher-Alida interval in southeastern part of study area 
(combined data set II). 
22 9 
CD Set II 
TALLY MATRIX 
To 
1 2 3 4 5 6 7 8 9 10 
1 0 2 l 4 3 3 2 0 0 2 17 
2 l 0 0 3 3 0 0 0 1 3 11 
3 l 0 0 l 0 0 0 0 0 1 3 
4 6 5 0 0 5 0 0 0 0 1 17 
From 5 5 0 0 4 0 0 0 0 1 0 10 
6 0 0 0 1 0 0 1 1 3 6 12 
7 1 0 0 0 0 l 0 0 2 3 7 
8 0 0 0 0 0 0 0 0 0 3 3 
9 2 0 l l 1 l 1 0 0 3 10 
10 1 3 2 3 0 7 3 2 2 0 23 
17 10 4 17 12 12 7 3 9 22 113 
Z MATRIX 
To 
1 2 3 4 5 6 7 8 9 10 
l 0 .00 0 .2 3 0.46 0.51 0.69 0.66 0 . 80 -0.69 -1. 23 -1.13 
2 -0.62 0 .00 -0 .61 0.85 1. 63 -1.11 -0 . 83 -0 . 53 0.10 0 . 24 
3 0.76 -0 . 51 0.00 0 . 76 -0 . 56 -0.56 -0 .42 -0.27 -0.48 0 . 40 
4 1.65 2 . 54 -0.79 0.00 2.10 -1.43 -1. 07 -0. 69 -1.23 -1. 61 
From 5 2. Sl -0.97 -0.59 l. 75 0.00 -1.07 -0.80 -0. 51 0 . 18 -1.56 
6 - l.43 -1.06 -0 . 65 -0 .74 -1.16 0.00 0 . 27 l. 22 1. 99 1. 81 
7 -0 . 13 -0 . 79 -0.48 -1.07 -0 . 86 0 . 27 0.00 -0 .42 1. 93 1. 09 
8 -0 . 69 -0.51 -0 . 31 -0 . 69 -0 . 56 -0.56 -0 .42 0.00 -0 .48 2.85 
9 0 . 26 -0.96 1.13 -0 .52 -0.08 -0 . 10 0 .49 -0. 50 0.00 0 . 42 
10 -1. 66 0 . 33 1.12 -0.72 -1. 72 2. 30 1.03 1. 57 -0 . 14 0.00 
MUTUAL SUBSTITUTABILITY MATRIX 
l 2 3 4 5 6 i 8 9 10 
l 1.00 
2 0.47 1.00 
3 0. 10 0.40 l. 00 
4 0.20 0 . 18 0. 27 1. 00 
5 0.23 0 . 39 0. 20 0.23 1. 00 
6 0 06 0. 36 0 .5 5 0.06 0 . 03 1. 00 
7 0.05 0. 31 0.57 0. 17 0.08 0 . 83 1.00 
8 0.03 0. 24 0. :. 2 0 .05 0 .00 0 .70 0 63 1.00 
9 0.18 0.17 0. 31 0.25 0.05 0.32 0. 39 0.51 l 00 
10 0.19 0.04 0.06 0.10 0. 12 0.04 0. 12 0.00 0.30 1.00 
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lithofacies transitions are characterized by Z values greater than 
2.0 (Fig. 65). Two pairs of lithofacies have mutual 
substitutabilities greater than or equal to 0.70, lithofacies 6 and 7 
at 0.83, and lithofacies 6 and 8 at 0.70. A second iteration after 
combination of lithofacies 6 and lithofaci es 7 was, therefore, 
appropriate. 
The second iteration of the cyclicity analysis of combined data 
set II produced a chi-square value of 101 . 68, with 55 degrees of 
freedom. This value also exceeds the tabulated chi-square value and 
indicates the presence of a Markov property. An additional 
lithofacies transition (6 + 7 to 9) has been added to those 
identified during the first iteration of cyclicity analysis as 
contributors to a Markov property. In the second iteration, no pairs 
of lithofacies have a mutual substitutability value greater than 
0.68. Therefore, no further iterations were appropriate and the 
second iteration was considered to have produced the final results in 
this examination of cyclicity in the :Frobisher-Alida interval as 
represented by combined data set II. 
The facies ·relationship diagram (Fig. 66) summarizes the 
results of the cyclicity anal ysis of combined data set II. Two types 
of cycles, one involving limestones, the other dolostones and 
sulfate, were identified. Examination of the vertical distribution 
of the lithofacies involved in each cycle type (Appendix C), did not 
identify any separation in the vertical occurrence of the two sets of 
lithofacies. Only one lithofacies (3), a partially laminated, 
dolomitic, peloidal limestone with brachiopods and calcispheres, is 
not involved with either cycle type. 
231 
Figure 66: Facies relationship diagram for combined data set II. 
Represents two types of cycle found to be present in the lower 
Frobisher-Alida in southeastern portion of study area. Key to 
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The type of cycle shown in the upper half of Figure 66 begins 
with lithofacies 4, a limestone characterized by peloids, ostracods, 
and irregular intraclasts (probably micritized nodular algae). 
Lithofacies 4 may be partially dolomi tized and microstylolitic , and 
passes upward into either lithofacies 2 or lithofacies 5. 
Lithofacies 2 is a microstylolitic, dolomitic, laminated limestone in 
which ostracods are the only common faunal element. Lithofacies 5 
consists of peloidal limestones commonly containing ostracods, 
calcispheres, and irregular intraclasts. Lithofacies 5 may have 
fenestral fabric and sulfate cement in the pore spaces of a 
grainstone texture. Lithofacies 5 is overlain by lithofac ies 1, a 
laminated, microstylolitic limestone with abundant replacive sulfate. 
It is commonly characterized by peloids or ostracods. 
The second type of cycle identified in the succession 
represented by combined data set II is depicted in the lower part of 
Figure 66. In this cycle type, lithofacies 8, a laminated massive 
sulfate, tends to be overlain by lithofacies 10, an interbedded 
massive sulfate and sulfate nodule-bearing dolostone to dolomitic 
limestone. Lithofacies 10 can, in addition, underlie or overlie 
lithofacies 6 + 7. Lithofacies 6 + 7 consists of intercalated 
nodular-mosaic to mosaic sulfate, massive sulfate, and dolostone 
beds. Lithofacies 6 + 7 may also be overlain by lithofacies 9, which 
consists of intercalated beds of nodular-mosaic to mosaic sulfate and 
sulfate nodule-bearing dolostone. 
The pattern formed by plotting the relative entropies for the 
lithofacies of combined data set II (Fig. 67) most closely resembles 
type A4 (truncated asymmetric succession) of Hattori (1976). This is 
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Figure 67: Entropy diagram for combined data set II after second 
iteration of cyclicity analysis. Pattern A4 of Hattori (1976) 
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in agreement with the types of cyclicity identified using Markov 
analysis, since the lithofacies transitions identified by this means 
are predominantly unidirectional (Fig. 66). 
Combined Data Set III 
All four of the wells in the southeastern portion of the study 
area (Fig. 6; Table 4) penetrate and are represented by core from the 
Tilston interval of the Mission Canyon Formation. A total of 193 
lithologic units from the core of these four wells was determined to 
be within the Tilston and were clustered to delineate the lithofacies 
present within the interval in this area. Nine lithofacies were 
defined with 95 percent confidence by cluster analysis. 
The tally matrix constructed for the first iteration of 
cyclicity analysis is relatively sparse, having only 79 total 
transitions in the 72 non-diagonal cells of the embedded matrix (Fig. 
68). Markov analysis produced a chi-square value of 82.62, with 55 
degrees of freedom. This exceeds, by a small amount, the tabulated 
chi-square value for 95 percent confidence, indicating a significant 
but weak Markov property. Three lithofacies transitions are 
characterized by Z values greater than 2.0 (Fig. 68) and are probable 
contributors to the Markov property. 
The remainder of the cyclicity analysis procedure, mutual 
substitutability analysis and entropy analysis, could not be 
performed due to the existence of lithofacies 2 in the tally matrix. 
Note that there is only one transition to, and no transitions from, 
lithofacies 2 (Fig. 68). This is because it occurs only once , at the 
top of one of the core segments used to compile combined data set 
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Figure 68: Pertinent matrices for cyclicity analysis of combined 
data set III. The stratigraphic unit represented by combined 
data set III is the Tilston interval in the southeastern portion 
of the study area. Matrices include tally matrix for first 
iteration, and Z value and mutual substitutability matrices for 
second iteration of cyclicity analysis. 
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CD Set III 
TALLY MATRIX 
To 
1 2 3 4 5 6 7 8 9 
1 0 0 0 9 3 4 0 0 1 17 
2 0 0 0 0 0 0 0 0 0 0 
3 3 0 0 1 1 0 0 0 0 5 
From 4 7 0 3 0 0 4 0 0 3 17 
5 3 0 0 1 0 1 0 0 0 5 
6 3 0 2 1 1 0 0 0 7 14 
7 0 0 0 0 0 0 0 1 2 3 
8 0 0 0 0 0 0 1 0 2 3 
9 1 1 0 6 0 4 1 2 0 15 
17 1 5 18 5 13 2 3 15 79 
2 MATRIX 
To 
1 3 4 5 6 7 8 9 
1 0 . 00 -1.11 1. 52 1. 60 0 .18 -0. 69 -0.85 - 1. 57 
3 1. 60 0 . 00 -0.27 1. 30 -0.93 -0.34 -0.41 -1.01 
4 0.78 1. 56 0.00 -1. 12 0.14 -0.70 -0.86 -0.64 
From 5 1. 60 -0.54 -0 .27 0.00 0.14 -0 . 34 -0.41 -1. 01 
6 -0 .45 1.11 -1 .54 0 .07 0 . 00 -0 . 60 -0 . 74 2 .11 
7 -0 . 84 -0.41 -0.87 -0 . 41 -0 . 71 0.00 2.85 1. 84 
8 -0.85 -0.41 -0 . 87 -0.41 -0 . 72 3.60 0.00 1. 82 
9 -1. so -0.98 0 . 84 -0.98 0.67 1.02 1. 92 0 . 00 
MUTUAL SUBSTITUTABILITY MATRIX 
1 3 4 5 6 7 8 9 
1 1. 00 
3 0 . 30 1. 00 
4 0 . 03 0.04 1. 00 
5 0.08 0. 15 0.66 1. 00 
6 0 .1 3 0.20 0 . 52 0.19 1. 00 
7 0.01 0.00 0 .11 0.00 0.32 1. 00 
8 0 .01 0.00 0.14 0.00 0.40 0 . 51 1. 00 
9 0 . 52 0.28 0.06 0. 19 0 . 04 0 .02 0 . 01 1. 00 
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III. This occurrence may indicate that the contact between the 
Frobisher-Alida and Tilston intervals was incorrectly picked and that 
this small section of core is, i n fact, a part of the Frobisher-Alida 
interval. Whether or not this is the explanation, the lack of 
transitions from lithofacies 2 produced errors due to division by 
zero in the calculation procedures of both substitutability and 
entropy analyses. This lithofacies was, therefore, removed and a 
second iteration of cyclicity analysis performed. 
The chi-square value produced by the second iteration of 
cyclicity analysis is 78.24, with 41 degrees of freedom. This 
exceeds the tabulated 95 percent chi-square value, and indicates the 
presence of a Markov property in the Tilston interval in the 
southeastern part of the study area. The same lithofacies 
transitions are indicated by Z values of greater than 2.0 as probable 
contributors to a Markov property as in the first iteration of Markov 
analysis. Only four lithofacies are involved in this cyclicity. 
Mutual substitutability analysis produced no l ithofacies pairs 
with values greater t han or equal to 0.70 (Fig. 68), so no further 
iteration of cyclicity analysis was performed. The cyclic facies 
relationships from the second iteration are depicted in Figure 69, as 
are the five lithofacies not involved in cyclicity (including the 
eliminated lithofacies 2). The stratigraphic positions within the 
Tilston interval of the actual transitions of these cycles do not 
appear to have any pattern to their vertical distribution 
(Appendix C). 
The first of the two types of cycles identified during Markov 
analysis (on left of Fig. 69) consists of an echinoderm-rich, 
24 1 
Figure 69: Facies relationship diagram for combined data set III. 
This set represents the Tilston interval in the southern portion 
of the study area. Two types of cycle, one symmetric, one 
asymmetric, are shown as well as the lithofacies not 
significantly involved in cyclicity. Key to symbols is given in 
Figure 11. 
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brachiopod- and peloid-bearing, dolomitic limestone to doloscone 
(lithofacies 6), overlain by a dolostone to dolomitic limestone with 
nodular sulfate and little evidence of organic activity (lithofacies 
9). The second cycle type (on right in Fig. 69) consists of 
symmetric t r ansitions between lithofacies 8, massive sulfate, and 
lithofacies 7, interbedded massive and nodular-mosaic to mosaic 
sulfate. 
Lithofacies 1, 3, 4, and 5, those not involved in cyclic 
relationships, are all peloidal limestones. They differ in the 
presence of other characteristic grain types. Lithofacies 1 and 4 
contain intraclasts, ostracods, brachiopods, echi noderms, and 
foraminiferids, differing in the relative proportion of these 
components, as well as in texture. Lithofacies 3 contains abundant 
ooids as we l l as brachiopods and echinoderms. Lithofacies 5 is 
calcisphere-rich and microstylo l itic. Lithofacies 2, which had to be 
eliminated from the analysis, is very different from the other eight 
lithofacies. It is a sorted and cross-bedded peloidal limestone that 
is also characterized by the presence of lamination, microstylolites, 
calcispheres, and replacive sulfate. Both sorting and cross-bedding 
are rare in the carbonate lithologies examined during this study, and 
rarer yet as major characteristics of a lithofacies. 
The results of entropy analysis during the second iteration of 
the cyclicity analysis of combined data set III are shown in Figure 
70. The pattern formed by the relative entropies of the individual 
lithofacies is probably that of type A4 (Hattori, 1976), a truncated 
asymmetric succession. This is in agreement with the results of 
Markov analysis because the asymmetric cycle type (lithofacies 6 to 
2~4 
Figure 70: Entropy diagram for combined data set III. Results are 
for second iteration of cyclicity analysis on this data set from 
the Tilston interval in the southeastern portion of the study 
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9) identified by examination of the Z matrix is much more common in 
the succession than the symmetric cycle type. 
Combined Data Set IV 
The entire upper half of the Frobisher-Alida interval was cored 
in the two northerrunost wells of the study area (Fig. 6; Fig . 7; 
Table 4). This portion of the strati graphic section was therefore 
the subject of combined data set IV. A total of 242 lithologic units 
from the two wells, NDGS 1059 and NDGS 8794, was available for 
clustering. Because of the high level of similarity of many of these 
units, four components (variables) were eliminated prior to the 
calculation of similarities for cluster analysis. The components 
removed include: cross bedding or lamination and graded bedding, 
both with zero occurrences in the data set; boring, _present once; and 
bivalve, present only four times among the 242 units. The high level 
of similarity is confirmed by the clustering of 125, or more than 
half, of the lithologic units as lithofacies 1. Twelve lithofacies 
were defined by cluster analysis of combined data set IV at the 95 
percent confidence level. 
The tally matrix constructed for the 12 lithofacies of combined 
data set IV contains a total of 104 transitions (Fig. 71). The 
calculated chi-square value for the first iteration of Markov 
analysis on this data set is 165.78, with 109 degrees of freedom. 
This exceeds the tabulated chi-square value for 95 percent 
confidence, therefore the null hypothesis of a random succession is 
rejected, and a Markov property is present. Ten transitions are 
identified in the Z matrix (Fig. 71) by values of greater than 2 . 0 as 
247 
Figure 71: Pertinent matrices from cyclicity analysis of combineo 
data set IV. This is based on approximately the upper half of 
the Frobisher-Alida interval in the northernmost two wells (NDGS 
1059 and 8294). Matrices are from first iteration of cyclicity 
analysis. 
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CO Set IV 
TALLY KATRIX 
To 
1 2 3 4 5 6 7 8 9 10 11 12 
l 0 4 l 0 l 0 1 l 6 3 l 2 20 2 4 0 0 0 0 0 0 l 0 0 l 0 6 
3 0 0 0 2 0 2 0 0 2 6 0 4 16 4 0 0 0 0 0 l l 0 0 l 0 3 6 
5 1 0 0 0 0 0 0 0 l 0 0 0 2 from 6 0 0 2 0 0 0 0 0 0 0 0 l 3 7 l 0 0 0 l 0 0 0 0 0 0 0 2 8 2 l 0 0 0 0 0 0 0 0 0 2 5 9 6 0 2 2 0 0 0 0 0 l 0 2 13 10 0 0 5 0 0 0 0 2 2 0 0 4 13 
11 0 l 0 0 0 0 0 0 0 0 0 0 1 12 4 0 6 2 0 0 0 l 2 2 0 0 17 
18 6 16 6 2 3 2 5 13 13 2 18 104 
Z MATRIX 
'To 
l 2 3 4 5 6 7 8 9 10 11 12 
l 0.00 2.37 • l.47 -l.14 0.90 -0 . 7'9 0 .90 -0.07 l. 70 ·0.02 0.91 -1.17 2 2.57 0.00 • l.00 -0. 58 -0.33 -0 .40 -0.33 1.38 -0.88 -0.88 2-:74 ·l.07 
3 ·l.89 ·l.00 0.00 l. 00 -0.57 2 . 17 -0.57 -0 . 91 -0.23 2.39 -0. 56 0. 30 4 ·l.09 -0 . 58 -1.00 0.00 -0.33 2.08 2. 73 -0 52 -0.88 0.25 -0.33 l. 73 5 1.00 -0.33 -0. 57 -0.33 0 .00 -0.23 -0.19 -0 30 l. 49 -0.50 -0 .18 -0.61 from 6 -0. 76 -0.40 2.17 -0.40 -0.23 0 .00 -0 .23 -0 37 -0.62 -0.62 -0.23 0.59 7 1.00 -0.33 -0.57 -0.33 5.20 -0 .23 0.00 -0 .30 -0.50 -0. 50 -0.18 -0.61 
8 1.02 1. 38 -0. 91 -0. 52 -0.30 -0. 37 -0. 30 0.00 -0 .80 -0.80 -0.30 1.08 9 1. 92 -0 .88 -0.23 l. 38 -0.50 -0 . 62 -0.50 -0 .80 0.00 -0 .61 -0.50 -0.42 
10 · l. 67 -0 . 88 1. 7) ·0.88 -0.50 -0 .62 -0 . 50 l. 69 0.12 0 .00 -0.50 0.80 
11 -0.44 4.09 -0.40 -0 . 23 -0 . 13 -0. 16 -0 . 13 -0.21 -0.35 -0 . 35 0.00 -0.43 12 0 .04 - l. 05 1. so 0.87 -0.59 -0 . 73 -0 . 59 0.10 -0 .35 -0 . 35 -0.59 0.00 
HIJTUAL SUBSTI'liJTABILITY MATRIX 
l 2 ) 4 5 
l 1.00 
6 7 8 9 10 11 12 
2 0.00 1. 00 
3 0.28 0 .00 l. 00 
4 0.23 0 .00 0.40 1.00 
5 0.04 0.44 0.01 0.00 1.00 
6 0.00 0.00 0.00 0 .20 0 .00 1.00 
7 0.00 0.44 0 00 0 00 0. 25 0.00 l.OJ 
8 0.11 0. 22 0.26 0 l3 0.13 0.00 0 13 l. 00 
9 0 . 02 0 .65 0. 15 0.10 0.37 0 . 10 0 . 37 0.49 l 00 
10 0. 11 0.0) 0 . 10 0 . 36 0 .06 0. 7 3 0.00 0.10 0 . 25 1. 00 
ll 0. 16 0 00 0 .00 0 .00 0.00 O.JO 0.00 O. ld 0 .JO 0.00 1. 00 
12 0 . 09 0. 16 0 .14 0.0) 0. 10 0 45 0 . i7 0.17 0. "t 0.4) 0.00 1.00 
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contributors to the Markov property. Mutual substitutability 
analysis produced only one lithofacie.s pair with a value greater than 
or equal to 0.10, lithofacies 6 and 10 at 0.73. A second iteration 
of cyclicity analysis was performed after combination of these 
lithofacies. 
The chi-square value for the second iteration of cyclicity 
analysis is 156.60, with 89 degrees of freedom. Again this exceeds 
the tabulated chi-square value, the null hypothesis is rejected, and 
a Markov property is present in the upper half of the Frobisher-Alida 
interval in the northernmost study area. Eight lithofacies 
transitions are indicated by Z values as significant contributors to 
Markov property. However, one previously significant transition, 
from lithofacies 4 to lithofacies 6, was lost due to combination of 
lithofacies 6 and 10. Therefore, one of the termination criteria was 
encountered, the second iteration is considered invalid, and the 
first iteration of cyclicity analysis is the f inal round of analysis. 
Two types of cyclicity, involving all but two of the 
lithofacies (lithofacies 8 and 9), were identified by Markov 
analysis. These relationships are depicted in Figure 72. The 
uppermost of the portrayed cycle types consists of a complex set of 
relationships among six lithofacies, including both carbonate and 
sulfate lithologies. The basal lithofacies (4) in the cycle consists 
of interbedded mosaic to nodular-mosaic and massive sulfate. This 
passes upward into either lithofacies 6, mottled massive sulfate, or 
lithofacies 7, pyritic, microstylolitic , ostracod- and calcisphere-
rich limestone, that may contain nodular or replacive sulfate, 
laminae, or mudcracks. Lithofacies 7 passes upward into another 
250 
Figure 72: Facies relationships for combined data set IV. This is 
of upper portion of Frobisher-Alida interval in northernmost 
study area. Two types of cycle, involving all but two 
lithofacies, are shown. Key to symbols is given in Figure 11. 
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Combined Data Set IV 
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limestone lithofacies (5) which is mottled and pyritic, and may 
contain ostracods but few other grain types. Lithofacies 6 may be 
underlain or overlain by lithofacies 3, consisting of massive sulfate 
and mosaic sulfate. Lithofacies 3 may also pass upward, in this 
case, to lithofacies 10, which is an argillaceous dolostone to 
dolomitic limestone with sulfate nodules or interbedded nodular-
mosaic to mosaic sulfate. 
The second cycle type present in the upper Frobisher-Alida 
interval of the northernmost study area, consists of symmetric 
cyclicity between three lithofacies, 1, 2, and 11 (depicted at bottom 
of Fig. 72). Lithofacies 1 is an ostracod-bearing, peloidal 
limestone that may have calcispheres, intraclasts, or fenestral 
porosity. This may overlie or underlie lithofacies 2, which is an 
ostracod-, brachiopod-, and echinoderm-rich limestone that also 
contains peloids, intraclasts, and foraminife r ids, and is commonly 
argillaceous. Lithofacies 2 also has a symmetric cyclic relationship 
with lithofacies 11. Lithofacies 11 is a bioturbated and 
argillaceous, peloidal, ostracod-rich limestone. Lithofacies 11 also 
may contain calcispheres or be characterized by lamination. 
Lithofacies 8, one of the two lithofacies that l ack cyclic 
lithofacies transitions, is a dolomitic limestone with no common 
grain types. Lithofacies 9, the other lithofacies with no cyclic 
relationships, is comprised of sulfate nodule-bearing, argillaceous 
limestone to dolomitic limestone interbedded with mosaic or nodular-
mosaic sulfate. 
There is stratigraphic segregation in the vertical distribution 
of the lithofacies transitions comprising the two cycle types 
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(Appendix C). The symmetric type of cycle depicted at the bottom of 
Figure 72 involves transitions that occur only in one well, NDGS 
1059, in the lower half of the core interval used for combined data 
set IV. The lithofacies transitions that comprise the other cycle 
type (top of Fig. 72) are almost entirely confined to the portions of 
core above the boundary between the Mission Canyon and Charles 
Formations. Furthermore, not all portions of this more complex of 
the two types of cycle occur in the same well. All of the 
transitions between lithofacies 3 and 10 occur only in NDGS 1059, 
whereas the other transitions occur in NDGS 8794. This underscores 
how cycles identified using Markov analysis differ from those defined 
by traditional stratigraphic methods. The "ideal" cycle identified 
by Markov analysis, may exist in its entirety in the actual 
succession. However, the complete cycle need not exist, and in this 
case, does not exist. This type of cycle is similar to that of the 
"composite cycle" of Duff and Walton (1962), whereas traditional 
stratigraphic methods yield cycles similar to other theoretical cycle 
types ("modal cycles" of Duff and Walton, 1962; "ideal" cycle or 
cyclothem of Duff and others, 1967). 
The entropy pattern formed by the lithofacies of combined data 
set IV (Fig. 73) is that of type B, from a symmetric succession 
(Hattori, 1976). The only lithofacies whose entropies do not fall in 
the field of the type B pattern is lithofacies 11. Lithofacies 11 is 
one of the relatively rare lithofacies, with only one upward and two 
downward transitions. The point representing it falls on one of the 
axes, a common position for such rare states. The post-entropy value 
of zero, representing "perfect" ordering of its upward transitions , 
254 
Figure 73: Entropy diagram for combined data set IV. Results are 
from first interation of cyclicity analysis . Shading shows 
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must be perfectly ordered because there is only one transition and , 
therefore, only one lithofacies to which it can pass. 
The identification of this as a symmetric succession by entropy 
analysis appears to conflict with the results of Markov analysis. 
However , the symmetric transitions in the two cycle types defined by 
Markov analysis represent more actual transitions than the asymmetric 
relationships. Furthermore, there are many non-significant symmetric 
transitions present in the overall succession, as can be seen in 
either the tally matrix (Fig. 71 ) or lithofacies succession 
(Appendix C). 
Combined Data Set V 
As with combined data set IV, this group was assembled to 
examine the cyclicity in the upper half of the Frobisher-Alida 
interval over an area larger than that represented by a single well. 
Core segments from three wells in the center of the study area are 
included in combined data set V (Fig. 6, Table 4). There are a total 
of 356 lithologic units in the set. Due to the large size of the 
data set and, again, as in combined data set IV, due to a high degree 
of similarity between many of the included lithologic units (there 
are more than 50 samples in several of the lithofacies), the least 
common components (variables) were removed prior to calculation of 
the similarities used in clustering. The four components removed 
were: cross lamination or bedding, graded bedding, and boring, each 
with only one occurrence; and bivalve, present in only two lithologic 
units. Cluster analysis on the similarities generated using 42 
variables produced 15 lithofacies at the 95 percent confidence level. 
257 
Figure 74: Pertinent matrices from cycl icity analysis of combined 
data set V. This set represents the upper half of t he 
Frobisher-Alida interval in the center of the study a r ea. 
Matrices are from the first iteration of cyclicity anal ysis. 
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CD Set V 
TALLY MATRIX 
To 
2 3 4 5 6 7 8 9 10 ll 12 l] 14 15 
l 0 3 l l l 6 l 2 0 0 0 0 0 l 3 19 
2 4 0 0 l l 2 0 3 0 0 0 0 0 l l 13 
3 l l 0 0 0 4 0 l 0 0 0 0 0 l 0 8 
4 0 0 0 0 0 l 0 2 0 0 0 l 0 0 0 4 
5 2 0 0 0 0 0 0 l 0 0 0 0 0 2 0 5 
6 6 4 4 0 2 0 0 l 0 0 0 0 0 0 2 19 
7 l 0 l 0 0 0 0 3 0 0 0 0 0 l l 7 
From 8 0 3 0 0 l 4 4 0 l 0 2 2 0 5 10 32 
9 l 0 0 0 0 0 l l 0 0 0 0 0 0 6 9 
10 0 0 0 0 0 0 0 0 2 0 0 0 0 0 6 8 
11 0 0 0 0 0 0 0 3 0 0 0 0 l 12 l 17 
12 0 0 0 0 0 0 0 l 0 0 1 0 l 4 0 7 
13 0 0 l 0 0 0 0 0 0 0 0 0 0 4 0 5 
14 3 l 0 l 0 2 l 5 0 0 10 4 4 0 l 32 
15 1 l l 0 l l 9 6 8 2 0 0 l 0 32 
19 13 8 4 5 20 8 32 9 8 15 7 6 32 31 217 
Z KATllIX 
To 
l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
l 0 .00 1.67 0.34 1.10 0 . 85 3 .00 0. 35 -0.70 •0.90 -0.84 •l .18 -0 . 79 -0 . 73 · l. 25 ·0.09 
2 2.59 0.00 •0.69 l. 60 l. 31 0. 67 -0.69 0 .57 -0 . 73 ·0.69 -0. 96 ·0.64 -0.59 ·0.79 -0 . 75 
3 0.34 0. 77 0.00 ·O. 37 ·0 . 42 3.76 ·O . 53 ·0.26 ·0.57 -0.53 -0 . 75 -0.50 ·0 .46 -0 . 26 •l.12 
4 ·0.59 -0 . 48 -0.37 0.00 ·0.29 l.04 ·0.37 l. 71 -0.40 -0.37 .o. 52 2.52 -0 . 32 ·0.80 -0.79 
5 2.36 -0.54 •0.42 -0.29 0.00 -0.68 -0.42 0. 22 ·0.44 -0.42 ,0. 59 -0 .39 ·0.36 1.34 -0.88 
6 3.14 2.58 3.88 ·0.59 2.35 0.00 ·0.84 •l.26 -0 . 90 ·0 . 85 · l. 18 ·O. 79 -0. 73 · l. 81 -0.66 
7 0.48 -0.64 l. 51 -0 . 35 -0. 39 ·0.81 0.00 l. 75 -0.53 -0.50 -0. 70 ·0.46 ·0.43 ·0.13 -0 .10 
f"rom 8 - l. 81 0 . 57 · l. 14 -0.80 0.22 0. 31 2.38 0 .00 ·O. 39 •L.14 .o . 34 0.82 -0.98 ·0.39 l. 77 
9 0. 22 -0 . 73 -0 . 57 ·0.40 ·0 . 44 -0.92 l. 21 ·0.39 0.00 -0.57 -0.79 -0.53 -0.49 ·l. 21 3. 84 
10 ·0 . 84 •0.69 ·0 . 53 -0.37 ·0.42 ·0.87 ·0 . 53 ·l.14 2 . 97 0.00 ·0.75 -0.50 ·0.46 -1.14 4.23 
11 • l. 25 ·1.02 -0.79 -0.55 ·0.62 •l.28 -0.79 0.08 -0.84 -0. 79 0.00 ·0.74 0 . 79 5. 41 -1.06 
12 -0. 79 ·0.64 -0.50 ·O. 35 -0.39 -0 . 81 -0.50 -0. 12 ,0 . 5) •0 . 50 0. 74 0.00 l. 91 2.70 ·l.05 
l] -0.66 -0.54 l. 9 7 ·0.29 -0.33 · 0.68 -0 .42 -0 .90 ·0 .45 ·0 .42 -0. 59 ·O . 39 0 . 00 3.56 -0 . 88 
14 -0 . 14 ·0 .79 · l. 14 0.45 -0 . 89 .o. 77 ·O. 26 ·O. 39 · l. 21 ·l . 14 4.67 2 .70 3.10 0 . 00 •l.98 
15 • l . 24 -0.78 ·0.26 0 . 46 -0.89 •l.31 -0 . 25 l. 27 3.76 5.90 .o. 33 -l.06 ·0.98 ·2.02 0.00 
!!UTUAL SUBSTITUTAJHLITY HA'1tIX 
l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
l 1.00 
2 0 30 l.00 
3 0 . 59 0.46 1.00 
4 0 . 25 0.23 0 . 12 l.00 
5 0 . 12 0.66 0 . 28 O. LO 1.00 
~ 0. LO 0. 42 0.05 0.06 0.25 1.00 
0 .05 0.45 0 . 03 0 . 23 0.27 0. )0 l.CO 
3 0 34 0 . 11 0 lJ 0 LS 0 06 0. L2 O. LO l.00 
0 0 OS 0 . 08 0 02 0 .06 0 01 0.06 0. 16 o.s .. 1.00 
10 0 04 0 0) 0.00 0 00 0 . 00 0 .02 0.06 0 . 55 O.S 5 1 .. 00 
11 0 . 08 0 .09 0 .01 0 ll 0 . 05 0 01 0 . 21 0 . 23 0 02 0 . 01 l. 00 
12 0 05 0 . 10 0 . 00 0 08 0. 11 0 . 01 0 26 0 15 0 00 0 00 0 . 88 1.00 
13 0 . 05 0 03 0.00 0 . 00 0.00 0 02 0 . 07 0 . 17 0 1)0 0 00 0 . 87 0. '3 1. 00 , . ,- 0 03 0 . 10 0.03 0 05 0 .05 0 06 0 . 14 0. 10 0 02 0 . 00 0.01 0.05 0.00 l.00 
15 0.06 0.25 0.05 0 . 10 o. 15 0 . 10 0 . 49 0 .02 0.03 0.00 0.05 0.09 0.01 0 . 13 l.00 
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The tally matrix constructed from the three successions in 
combined data set V has a total of 217 transitions (Fig. 74). The 
calculated chi-square value for the first iteration of Markov 
analysis is 393.16, with 181 degrees of freedom. This value exceeds 
the tabulated chi-square value at the 95 percent confidence level, 
indicating the presence of a Markov property in the upper Frobisher-
Alida interval in the center of the study area. Twenty lithofacies 
transitions in the Z matrix have values greater than 2.0 and, 
therefore, are contributing to the Markov property (Fig. 74). 
Substitutability analysis indicates than four pairs of lithofacies 
have mutual substitutability values that are greater than or equal to 
0.70 (Fig. 74). The lithofacies pair with the highest mutual 
substitutability, lithofacies 11 and 12 at 0.88, were combined to 
permit a second iteration of cyclicity analysis. 
The chi-square value produced by the sec ond iteration of 
cyclicity analysis is 383.02, with 155 degrees of freedom. A Markov 
property is again indicated for this succession. In addition to 
other changes in cyclic relationships due to combination of 
lithofacies 11 and 12 for this iteration, the transition from 
lithofacies 4 to lithofacies 12 was lost. The loss of a previously 
significant transition is one of the iteration termination criteria, 
the second iteration was invalidated by this result and the results 
of the first iteration were considered final for the analysis of 
combined data set V. 
Four types of cyclicity, identified during the first iteration 
of the cyclicity analysis of combined data set V, are depicted in 
Figure 75 . In contrast to the results of the homogeneity test on 
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Figure 75: Facies relationship diagram for combined data set V. 
Data set is from Frobisher-Alida interval in center of study 
area. Four types of cycles involving all lithofacies were 
resolved by the first iteration of cyclicity analysis. Key to 
symbols is given in Figure 11. 
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this data set (Table 4), the distribution of cycle types and 
lithofacies among these three core segments does not appear on 
inspection to be homogeneous. The transitions involved in the 
cyclicity type on the lower right of Figure 75 occur almost 
exclusively in core from NDGS 7918. In contrast, the remaining three 
types of cycle occur only in the other two wells. The upper right 
cycle type shown in Figure 75 occurs only in NDGS 1262. The two 
types of cycle shown on the left of Figure 75 occur primarily in NDGS 
793 but a few of the transitions involved occur in parts of the core 
from NDGS 1262. This was the group for which the most adjustments of 
the method were needed in order to conduct the homogeneity test. 
These results indicate that there were too many adjustments to yield 
the correct answer; simple inspection of the succession of lithologic 
units (Appendix C) indicates that the distribution of lithofacies and 
their transitions is probably not statistically homogeneous. 
The type of cycle depicted on the lower left of Figure 75 
involves five limestone lithofacies with varying proportions of the 
three types of coated grains, two types of intraclasts, peloids, and 
calcispheres. They all may be characterized by fenestral pore 
morphology. Pyrite, stylolites, and microstylolites are variously 
present. The lithofacies involved in this cycle type are 
distinguished primarily on the basis of relative abundance of the 
components, since most of the lithologic components are present in 
all five lithofacies. 
In the upper left of Figure 75 a second type of cycle present 
in combined data set Vis shown. This cyc le involves transition from 
massive sulfate lithofacies 10, upward to an interbedded massive 
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sulfate and nodular-mosaic to mosaic sulfate lithofacies , with minor 
carbonate (lithofacies 9). Lithofacies 9 may also be underlain or 
overlain by lithofacies 15. Lithofacies 15 consists of intercalated 
dolostone with nodular sulfate and nodular-mosaic to mosaic or 
massive sulfate. This lithofacies may overlie or underlie 
lithofacies 10 in this dominantly symmetric type of cycle. Seen to 
the right in Figure 75 is a third, asymmetric type of cycle. This 
cyclicity consists of an ostracod- and calcisphere-bearing, peloidal 
limestone that may contain replacive sulfate, overlain by a 
microstylolitic, burrowed limestone that may contain peloids and 
calcispheres. 
The fourth type of cycle identified in combined data set V 
(lower right in Fig. 75) involves five limestone lithofacies. These 
differ more in content and grain type than do the lithofacies 
involved in the first of the types of cycle described. Lithofacies 4 
is characterized by composite coated-grains (grapestone), 
intraclasts, and abundant ooids, and may contain calcispheres and 
peloids. Lithofacies 4 passes upward into lithofacies 12, a 
foraminiferid-, calcisphere-, and ost·racod-rich limestone that also 
may contain brachiopods, intraclasts, peloids, composite-coated 
grains, and gastropods. It can also be microstylolitic. This 
lithofacies has symmetric cyclic relationships with lithofacies 14 . 
Lithofacies 14 is an ostracod- and intraclast-bearing, peloidal 
limestone in which echinoderms and foraminiferids are common as 
additional components. Lithofacies 14 has, in addition, symmetric 
cyclic transitions to both lithofacies 13 and lithofacies 11. 
Lithofacies 11 is an echinoderm-rich limestone with brachiopods, 
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pyrite, peloids, ostracods, and microstylolites as common lithologic 
components. Lithofacies 13 is unusual in being gastropod-rich. This 
lithofacies is characterized by peloids, ostracods, calcispheres, 
intraclasts, foraminiferids, and pyrite; it may also display 
fenestral pore texture. 
The entropy diagram (Fig. 76) for combined data set V has a 
pattern that is interpreted as being of type B (Hattori, 1976), that 
of a symmetric succession. Onl - the point for lithofacies 10 
deviates from this pattern. In the tally matrix (Fig. 74) it can be 
seen that all transitions to lithofacies 10 are from a single 
lithofacies, thus, explaining the pre-entropy value of zero. The 
interpretation of the entropy pattern as that of a symmetric 
succession. is not inconsistent with the results of the Markov 
analysis of combined data set V, which indicate tha~ the majority of 
actual transitions involved in significant cyc licity are in the 
symmetric relationships (Fig. 75). 
Figure 76: Entropy diagram 
iteration of cyclicity 
center of study area. 
Hattori (1976). 
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for combined data set V. From first 
analysis of Frobisher-Alida interval in 
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DISCUSSION 
Lithofacies and Cyclicity Results 
The results of this study demonstrate that cyclicity is present 
within the stratigraphic succession of the Mission Canyon and lower 
Charles Formation. A variety of lithofacies types has been 
identified. The nature of the cyclicity and of the lithofacies 
present varies from data set to data set. In order to make sense of 
this variation, the results must be discussed within the context of 
the paleogeographic setting and depositional environment. Therefore, 
the discussion will begin with a review of the geologic setting of 
the study area and of pertinent depositional models. My results will 
be examined within this framework and, then, compared to those of 
previous workers. This discussion should poin t out possible 
directions for future work. 
The Williston Basin is an intracratonic basin that, during the 
Mississippian, was located in the interior of an epeiric sea. 
Although the site of increased sedimentary accumulation, the lack of 
narrow, linear, sharply delineated, shelf-margin, lithofacies 
zonation indicates that this was a sedimentary basin (Wilson, 1975; 
Wilson and Jordan, 1983) rather than a deep topographic basin. 
Thickened sedimentary accumulations developed due to steady 
subsidence rather than by infilling of a deep basin. Epeiric seas 
were characterized by very gentle depositional slopes , on the order 
of a few decimetres per km; these are gentler slopes than on any 
marine shelves today (Irwin, 1965; Wilson, 1975). Slopes were only 
slightly greater adjacent to intracratonic basins within the e peiric 
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seas (Wilson, 1975). This shallow, gently sloping depositional 
setting can be characterized as a ramp type of shelf setting, an 
interpretation supported by the lack of the thin, shelf-margin, 
lithofacies belts typical of a high-relief shelf edge . 
The low-angle ramp depositional setting is characterized by 
lithofacies similar to the modern, shallow-water, carbonate platform. 
Shallow-water carbonate-platform environments can be broadly 
subdivided into open-platform and restricted-platform environments on 
the basis of circulation conditions. In intracratonic tectonic 
settings, such as the Williston Basin, restricted-platform 
environments are expected landward of open-platform environments due 
to a rapid decline in circulation across the shelf and the presence 
of local barriers to flow. Restricted-platform depositional 
environments are generally subdivided by degree of submersion into 
subtidal, intertidal, and supratidal zones. Each of these general 
zones may produce a number of differing lithofacies that correspond 
to specific environments within the zone. 
In the shallow, carbonate-platform environment, particularly in 
the restricted-platform and in epeiric settings in general (Enos, 
1983; James, 1984; Wilson, 1975), there are three possible facies 
patterns that seem to develop. These are: lithofacies belts, 
lithofacies mosaics, and monotonous expanses of single lithofacies. 
Lithofacies belts (Fig. 77) are parallel zones of lithofacies as in 
the standard facies belts of Wilson (1975). Lithofacies belts 
migrate simultaneously in the onshore or offshore direction in 
response to the relative balance of sedimentation rate, subsidence 
rate, and eustatic sea level change. Regressive sequences are the 
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Figure 77: Model of lithofacies belts and resulting lithologic 
successions. Model shows maps of hypothetical depositional 
environments at three successive times (T -T ), the resulting 
cross-sectional lithofacies arrangement, ~nJ four possible 
successions generated by progradation basinward (to the left). 
Cross section is along line through center of three maps. 
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most common type of succession generated; both eustatic and 
autocyclic mechanisms have been proposed for the repetition of 
progradation to produce dominantly asymmetric cyclicity. 
Lithofacies mosaics (Fig. 78) are produced by depositional 
systems lacking the linear distribution of belts and, instead, 
characterized by patchily distributed depositional environments that 
do not systematically prograde but rather migrate laterally, 
replacing each other in a more random fashion (Enos, 1983; James, 
1984; Laporte, 1967). Such migration can give rise to symmetric, 
asymmetric, or mixed cycles (Fig. 78), although symmetric cyclicity 
is expected to be most common. Lithofacies successions are likely to 
be more complex and more symmetrical than those produced by 
prograding lithofacies belts. 
A final depositional setting thought to have existed in some 
shallow, carbonate-platform, epeiric settings is characterized by the 
production of vast expanses (on the order of 102 -103 square 
kilometres) of relatively monotonous lithofacies. Such low-relief 
settings produce thick units (generally ranging from a few metres to 
thicknesses of less than 100 metres) of homogeneous lithology and may 
be transgressive. Sequences typical of this depositional setting 
were not encountered nor are they reported in the literature for the 
Madison Group of the Williston Basin. This model will, therefore, be 
considered no further. 
Although lithofacies and cyclicity results can be discussed and 
interpreted for each separate analysis performed, a more informative 
approach is to examine the results of the discrete analyses within 
the context of their paleogeographic setting. The distribution of 
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Figure 78: Model of lithofacies mosaic and resulting lithologic 
successions. Model shows maps of hypothetical depositional 
environments at three successive times (T -T ), the resulting 
cross-sectional lithofacies arrangement, 1ncr four possible 
successions generated by lateral migration of lithofacies. 
Cross section is along line through center of three maps. 
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well localities within the study area (Fig. 6) is such that three 
groups of geographically segregated wells can be distinguished: four 
wells in the southeast, two wells in the north, and six wells 
clustered in the center to central western portion of the study area. 
It is assumed that the maximum thickness of Madison Group 
sedimentary rocks (Fig. 2) accumulated where the subsidence rate was 
highest and, therefore, coincides with the center of the 
Mississippian Williston Basin. Thus, the wells located in the center 
to west-central part of the study area are basinal in their 
paleogeographic setting. The other two groups of wells, in the north 
and the southeast, flank the basin. The northern group is closer to 
the basin center than the southeastern group. 
Given the paleogeography, lithofacies within correlative strata 
should reflect increasingly restricted conditions as one goes from 
the central to the northern to the southeastern group of wells . 
Examination of cores from the lower Frobisher-Alida interval in each 
group yielded just this result. In core from NDGS 1262, located in 
the basin center, lithofacies in this interval include a variety of 
brachiopod- and echinoderm-rich limestones (Fig. 27, lithofacies l, 2 
+ 4, 3, 6, 7, and 9). Bryozoans and corals are also common faunal 
elements. All are stenohaline biota, indicating the existence of 
normal or near-normal, marine salinities during deposition. The 
correlative rocks in NDGS 8794 are characterized by more restricted-
marine, probably shallower lithofacies. Laminated and fenestral 
limestones (Fig. 19, lithofacies 1 , 2 + 7, 4, 5, 6, and 9) with 
fossils (ostracods, calcispheres, gastropods) and grain types (ooids, 
pisoids, composite-coated grains, and intraclasts) typical of 
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subtidal, restricted-marine circulation conditions characterize the 
interval in NDGS 8794. In the distal southeastern area, the lower 
Frobisher-Alida interval is characterized by lithofacies of still 
more restricted-marine, subtidal, intertidal, and supratidal 
depositional environments. In NDGS 4208 and 4252 (Figs. 58, 51, all 
lithofacies), in addition to limestones similar to those present in 
the north, there are a variety of sulfate and dolostone lithofacies 
indicative of highly restricted circulation conditions. Other 
features, such as algal lamination and mudcracks, indicate the 
presence of intertidal to supratidal conditions at the time of 
deposition. 
Thus, the paleogeographic position of each of the three well 
groups is reflected in their lithofacies. Therefore, the threefold 
division of the discussion of the results of lithofacies 
discrimination and cyclicity analysis from individual wells and 
combined data sets on the basis of paleogeographic location within 
the Mississippian Williston Basin, is a reasonable as well as 
practical approach to summarizing the large body of information 
generated during .this study. The results from the southeastern group 
will be discussed first, followed by those from the northern group 
and, then, the central group. 
At this point, prior to further discussion of the results, the 
restrictions imposed on lithofacies interpretation by the methodology 
of the study must be noted. Presence or absence of a lithologic 
component, particularly the presence of environmentally diagnostic 
components, can be an important source of information for facies 
analysis. Presence-absence data alone are not sufficient for the 
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performance of detailed facies analysis. Other types of information 
are necessary. For example, relative abundances of various biota in 
the depositional environment are commonly environmentally determined 
(for instance, by substrate specificity or tolerance of extremes in 
salinity or salinity variation); relative abundances cannot be 
derived from presence-absence information. Taphonometric changes in 
the community composition may be selective, so that groups that are 
diagnostic of depositional environment are removed. Presence-absence 
data cannot be used to distinguish transported, from in situ, 
lithologic components, a difference of importance when attempting, 
for example, to determine whether a deposit containing a stenohaline 
fauna is the product of storm transportation or represents open-
platform conditions. 
Clearly, detailed facies analysis canno t be based on the type 
of data used in this study (binary counts of 46 lithologic 
components). In most cases, additional information is required in 
order to perform the usual type of facies analysis used by 
sedimentologists and stratigraphers. For this reason, the 
interpretat·ions presented below are somewhat generalized. Also, the 
lithofacies pictured in the results are not identical to those that 
might be identified by other methods . The relative abundances of 
components in the lithofacies, as depicted in the facies relationship 
diagrams, are based on the percentage of the total number of 
lithologic units within the cluster that contained the depicted 
component. This contrasts with the relative abundances based on 
averages of the percentages in individual samples, that are usually 
used in summarizing the character of a lithofacies. This example 
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illustrates the way in which facies interpretation of the results of 
this study is constrained by the data and the resulting lithofacies 
differ from the norm. 
One of the aims of this study is the objective definition of 
lithofacies, therefore interpretation of the depositional origin of 
lithofacies beyond the limits of the data would be inappropriate. 
The intent of this study is, after all, the examination of cyclicity. 
The methodology was developed for this purpose; limitations on the 
use of the data for other purposes do arise because of the method and 
must be recognized and accepted. 
Southeastern Region 
Core was analyzed from four wells in the southeastern part of 
the study area. Two combined data sets were assembled to examine the 
two stratigraphic units best represented by core in this area, the 
lower Frobisher-Alida and the Tilston intervals. Cyclicity is 
present in the succession in this area. The cyclicity is not, 
however, the same from well to well, nor present at all wells or in 
all parts of the stratigraphic succession. Cyclicity in the 
southeastern region is less pervasive and less complex than in the 
other two areas. A maximum of four lithofacies is involved in the 
cyclicity, and most cycles are asymmetric between only two or three 
lithofacies. 
The lithofacies in the southeast are the product of subtidal to 
supratidal, restricted-platform deposition. The overall succession 
reflects more restricted conditions than those which prevailed in the 
northern or central areas. The only occurrence within the sequence 
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of lithofacies for which the most likely interpretation is an open-
platform origin is at the base of the succession in the Tilston 
interval (combined data set III, NDGS 7936, NDGS 9248). The 
succession is best characterized as regressive. The contact of the 
Charles and Mission Canyon Formations is stratigraphically lower than 
elsewhere in the study area (Fig. 7). The low position of the 
carbonate to evaporite transition lends support to the interpretation 
of this succession as the product of the most restricted circulation 
conditions of any of the three areas, since evaporite-forming 
conditions developed earliest in this area. 
Similar, but not identical, lithofacies were identified in the 
individual and group data sets. The data used for group analyses are 
confined to one portion of the stratigraphic succession, and problems 
due to the obvious lack of vertical homogeneity or stationarity (see 
lithofacies-versus-depth diagrams) in individua l well cores are 
minimized in the combined data sets. In addition, groups of 
lithologic units belonging to individual lithofacies delineated in 
individual well analyses may be combined or split during the process 
of clustering the combined data sets. Because tally matrices of 
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group data sets will differ from those of individual well data sets, 
the significant transitions characterizing the cyclicity present are 
likely to differ, even when the lithofacies identified in group and 
individual data sets are similar. This difference in the character 
of the cyclicity identified in individual versus group data sets may 
be great or small but is always present. Because combined data sets 
represent a restricted stratigraphic interval, their analysis yields 
27 9 
a better representation of cyclic relationships present in the 
selected interval than does the analysis of a single well core. 
Tilston interval 
The lowest of the stratigraphic units of interest, the Tilston 
interval, was cored completely in NDGS 7936 and partially in NDGS 
9248 and 4252 and is the unit represented in combined data set III. 
In the lower portions of the Tilston the dominant lithology is 
limestone with brachiopods and echinoderms. These limestones are 
similar to those dominating the entire succession of the Mission 
Canyon Formation in the center of the basin. They are interpreted as 
having been deposited in an open-platform environment with normal 
marine salinities and, therefore, good circulation, despite the 
distance from the basin center. Prevailing opinion Js that sea level 
for the Mississippian was at its highest posi t ion during the 
deposition of rocks of the lowest Mission Canyon or upper Lodgepole 
Formations (Craig and Connor, 1979; Gerhard and others, 1982; Lindsay 
and Roth, 1982; McCabe, 1959). For this reason, rocks of the Tilston 
interval are commonly interpreted as reflecting better circulation 
conditions than rocks of the remainde r of the Mission Canyon above. 
However, a l esser sea level rise and a situation in which circulation 
across the platform was not yet restricted by topographic 
depositional features, such as ooid or skeletal shoals, also could 
have produced these rocks. Either situation is compatible with the 
overall regressive character of the Mission Canyon sequence. 
During the analysis of combined data set III, the echinoderm-
and brachiopod-rich limestones were found to be cyclically overlain 
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by dolostones which lack signs of organic activity. The dolostone 
increases in abundance upward through the interval. This cyclicity 
involving dolostone is significant in all analyses of core from the 
Tilston interval. Near the top of the interval a second, less 
common, oscillatory type of cyclicity between sulfate lithofacies is 
present. 
The short asymmetric cycles probably reflect repeated episodes 
of shoaling or increased restriction. The asymmetry of the cycles is 
consistent with present-day facies models for repeated upward-
shoaling (subtidal to supratidal), cyclic, platform sequences, 
thought to be due to changes in sea level or progradation when 
sedimentation rates exceed subsidence rates. However, these cycles 
are very simple and show fewer lithofacies changes than are usually 
depicted for the shoaling-upward model (Enos, 1983; James, 1984). It 
is, therefore, possible that these are due instead to lateral 
migration of an irregular mosaic of depositional environments (Fig . 
78) in a setting that gradually became shallower during deposition of 
the Tilston interval. The symmetric cycles in more restricted-marine 
lithofacies at the top of the interval also support this 
interpretation. 
Frobisher-Alida interval 
A second portion of the stratigraphic succession that is well 
represented in cores from the southeastern area is the lower part of 
the Frobisher-Alida interval. This part of the sequence is present 
in core from NDGS 4208, NDGS 4252, and NDGS 7936 and is the 
stratigraphic interval represented in combined data set II. The 
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upper Frobisher-Alida interval is present in core from NDGS 9248. 
Lithofacies of the Frobisher-Alida interval in the southeastern 
region are the product of subtidal to supratidal, restricted-platform 
depositional conditions. 
Lithofacies of subtidal origin include limestones with abundant 
peloids, ostracods, and calcispheres. The lack of other biota and 
the presence of ostracods and calcispheres support the interpretation 
of these rocks as the product of restricted-platform conditions. 
Laminated, in some cases mudcracked, peloidal limestones, although 
containing ostracods, are interpreted to be intertidal. In one 
occurrence (NDGS 4252; lithofacies B3), the laminae are cryptalgal. 
This implies that some of the other lamination in these lithofacies 
may also be of algal origin. The lack of bioturbated sedimentary 
textures indicates an absence of organic activity, due either to an 
intertidal location or a chemically intolerable environment 
(hypersaline or low-oxygen conditions ). Dolostones are common . Some 
are associated with the bedded sulfates and, therefore, are also of 
high-intertidal to supratidal origin. The data used in this study do 
not permit differentiation of sulfates by specific depositional 
environment. Likely origins include deposition in arid sabkha, 
salina (supratidal salt ponds), tidal pool, and hypersaline lagoon 
environments. Beds of anhydrite pseudornorphs of subaqueously 
deposited gypsum occur in the sulfate l ithofacies as pseudomorphs 
after swallowtail (pseudotwinned crystal) gypsum (Schreiber, 1978; 
Schreiber and others, 1982). Features of this type were not, 
however, included among the variable set; therefore, sulfate facies 
interpretation based on textures is not possible. 
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The cyclic ity in the Frobisher-Alida interval is more complex 
than in the Tilston, but is dominantly asymmetric. Similar types of 
cyclicity, from laminated limestones to bedded sulfates, were 
identified in NDGS 4252 in the l ower Frobisher-Alida interval and in 
NDGS 9248 in the upper Frobisher-Alida interval. Similar lithofacies 
are present in the Frobisher-Ali da interval of NDGS 7936, but no 
significant cyclicity is present. Cycles do not appear to include 
the range of depositional environments expected if they are the 
result of repeated progradation, as in the upward-shoaling sequence, 
carbonate-facies model. For example, of the two types of cycle 
identified in combined data set II, one involves four sulfate 
lithofacies of high-intertidal to supratidal origin. The other cycle 
consists of two sets of asymmetric relationships, each passing from 
subtidal restricted-platform lithofacies upwar d to probable 
intertidal lithofacies. 
As in the Tilston interval, the cycles i dentified in the 
Frobisher-Alida interval in the southeast are as easily, or more 
easily, explained by lateral migration of environments producing a 
facies mosaic in a broad, restricted-platform setting, as by 
basinward progradation of facies belts. The lack of a complete cycle 
involving the range of lithofacies present is an argument against the 
progradation model (Fig. 77) . However, the predominantly asymmetric 
nature of the cyclicity i s possible evidence against lateral 
migration, because migration of a depositional facies mosaic should 
produce sequences that are, at least in part , symmetric 
(Fig. 78 ). 
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Midale subinterval 
The Midale subinterval of the Ratcliffe interval is present in 
core from NDGS 9248. Lithofacies in the Midale subinterval in the 
southeastern study area are little different from those of the 
Frobisher-Alida interval. Only one infrequently occurring symmetric 
cycle, from laminated, pyritic, ostracod-rich limestone to peloidal, 
coated grain-bearing, fenestral limestone, is present. Both are 
products of subtidal restricted-platform deposition, possibly in a 
quiet protected setting and a shoal (or bank or island), 
respectively. This cycle is likely to be the result of lateral 
migration of adjacent localized lithofacies rather than prograding 
sequences. 
Northern Region 
Two of the 12 wells used are in the nor thernmost part of the 
study area. This portion of the Williston Basin is commonly referred 
to as the "northeastern shelf". Combined data set IV is constructed 
of the core segments from the Frobisher-Alida interval in these two 
wells. This area seems closer to the basin center than the 
southeastern area, the succession is thicker (Fig. 2), and that 
portion of the succession under scrutiny has not been truncated by 
post-depositional erosion (Anderson, 1974). Both wells include core 
for the entire Midale subinterval and upper Frobisher-Alida interval; 
the lower part of the Frobisher-Alida interval and the Tilston 
interval are completely represented in one well. 
The cyclicity shown statistically to be present includes very 
simple asymmetric cycles of two lithofacies, symmetric cycles with 
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three lithofacies, and complex multi-state cycles with both symmetric 
and asymmetric transitions. Simple inspection of the lithofacies 
sequences (Appendices Band C) shows that many of the types of cycle 
are restricted both vertically (within the succession) and laterally 
(between wells). The homogeneity test, however, indicates that the 
differences in lateral distribution are probably not significant. 
Cyclicity is present primarily in the upper half of the Frobisher-
Alida interval and in the Midale subinterval. Cyclicity in the 
Tilston interval and in the lower half of the Frobisher-Alida 
interval was identified in NDGS 8794. However, examination of a 
narrower stratigraphic interval in the same well core, during 
analysis of combined data set IV, demonstrated that the cyclic 
transitions occurring in most of the Tilston interval and lower half 
of the Frobisher-Alida interval are probably no t significant; the 
lithofacies involved in cyclicity are collectively equivalent to 
lithofacies 1 of combined data set IV, as are t he rocks in the lower 
part of the upper half of the Frobisher-Alida interval in both wells 
(Appendix C). 
Tilston interval 
The Tilston interval in the northeastern area cons ists of two 
types of limestone lithofacies , both of which are of restricted-
platform origin. The limestones, which occur primarily in the 
Tilston, are intraclastic and peloidal, and contain ostracods and 
calcispheres (Fig. 19, lithofacies 8 and 9). These components 
indicate water depths that were shallow and lack normal marine 
salinity, typical conditions in the restricted-platform setting . 
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Asymmetric cyclicity is present between fenestral and non-fenestral, 
foraminiferid-bearing lithologies. This relationship is interpreted 
to represent shoaling-upward sequences and could arise due to 
migration of shoals or as part of a prograding sequence. 
A second type of simple asymmetric cycle present in these 
limestones consists of a microstylolitic lithofacies containing 
probable nodular codiacean algae (irregular intraclasts) and ooids, 
overlying another limestone distinguished primarily by the presence 
of replacive pore-filling anhydrite. These lithofacies are both 
probably of high-subtidal to intertidal, restricted-platform origin. 
A more specific depositional interpretation is not permitted by the 
data. 
Frobisher-Alida interval and Midale subinterval 
Asymmetric cyclicity, involving limestone lithofacies present 
in both the Frobisher-Alida and the Tilston interval s, consists of 
transition from a laminated, calcisphere-bearing, ostracod-rich 
limestone or a coated-grain lithofacies with grain-supported 
textures, upward -to a fenestral limestone characterized by peloids, 
coated grains, and calcispheres (Fig. 19). These cyclic 
relationships are interpreted to represent two types of shoaling, 
from protected back-shoal (lithofacies 4) or subtidal high-energy 
(lithofacies 1) environments to an intertidal shoal environment 
(lithofacies 2 + 7). More specific interpretation is not permitted 
by the data. Although this lithofacies relationship is most likely 
to arise by shifting of environments in a facies mosaic, the 
possibility of an origin by cyclic progradation of lithofacies belts 
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cannot be eliminated without additional information to permit more 
refined interpretation of the specific depositional origin of the 
lithofacies . 
Different lithofacies and cycle types occur in the upper 
Frobisher-Alida interval and Midale subinterval. This includes the 
simple asymmetric cycles present in the succession at NDGS 1059, one 
involving sulfate lithofacies, and the other consisting of dolostone 
overlain by ostracod and peloidal limestone. The second cycle 
appears to be transgressive. The first is a product of supratidal or 
high-intertidal restricted-platform conditions. More specific 
interpretation of either cycle and the lithofacies involved would 
require further information. Both cycles are relatively common in 
the uppermost Frobisher-Alida succession and the Midale subinterval. 
One lithofacies present in NDGS 1059, a silty and argillaceous 
dolomitic limestone to dolostone (lithofacies 6) is very common in 
the succession but is not involved in any cycl ic relationships . The 
relative entropies for this lithofacies (Fig. 17 ) plot very near the 
position of total entropy or randomness of occurrence relative to the 
other lithofacies present. This lithofacies must, therefore, be the 
product of a different depositional mechanism than the other 
lithofacies. Whether or not deposition of the other lithofacies 
present in NDGS 1059 is controlled by migration of a facies mosaic or 
by basinward progradation of facies belts, the deposition of 
lithofacies 6 was independent of that mechanism . These silty 
dolomitic units are distributed throughout the cored interva l, but 
are most common in the upper Frobisher-Alida interval (F i g . 16). 
With the exception of an anomalously thick unit ( 13 ft or 4 m) j ust 
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above the top of the Mission Canyon Formation, beds of lithofacies 6 
range in thickness from 0.2-3.0 ft (0.06-1.0 m), and average about 
one foot (0.3 m) thick. 
Two possible origins for such randomly occurring, but common, 
rock types are as eolian detrital or storm-current deposits . The 
lithology of lithofacies 6 is compatible with an eolian origin; 
detrital-carbonate and siliciclastic material are common wind-borne 
materials in modern supratidal, carbonate-depositional environments 
in arid continent-margins (Shinn, 1983). During deposition of the 
Madison Group, the Williston Basin lay between 10 and 15 degrees 
north of the equator (Scotese and others, 1979). Thte dominant wind 
direction at this latitude is from the east. In this case, that was 
across the exposed continent from the present-day northeast. The 
paleogeography supports the common interpretation of a relatively 
arid Mississippian climate, as does the presence of evaporites. 
Therefore, an eolian origin for such beds is possible but further 
lithofacies data are necessary to definitively determine mode of 
origin. 
A second type of lithofacies, commonly random in occurrence 
within successions, is formed by deposition of material entrained 
under the higher energy conditions associated with storms. The 
thicknesses of these units are compatible with storm deposits known 
from elastic shelves in open ocean settings, which range up to about 
a metre in thickness (Walker, 1984). Little is known, however, about 
storm effects in epeiric settings (since there are no modern 
analogs). The beds of lithofacies 6 are generally thicker than the 
storm layers reported from carbonate sequences, and range up to about 
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0.1 m. Less is known about storm deposits in carbonate, than in 
elastic, sequences so the range in thickness of such beds reported in 
the literature does not exclude this as a possible mode of origin. 
The lithology, however, would be difficult to generate by storm 
deposition, so an eolian origin is t he preferred hypothesis. 
More complex cyclicity was identified in combined data set IV 
( Fig. 72). Symmetric cyclicity among three ostracod and peloid 
limestones is present in the middle of the Frobisher-Alida interval. 
The limestone with abundant echinoderms and brachiopods (lithofacies 
2) may represent open-platform conditions, and the other two 
lithofacies, restricted-platform conditions. The bioturbated 
limestone ( lithofacies 11) is most likely of subtidal origin. There 
is insufficient information to determine which subdivision of the 
restricted-platform environment the fenestral limestone (lithofacies 
1) is most likely to represent. A variety of local depositional 
environments could produce a rock with the characteristics of 
lithofacies 1 as determined from the binary data. The symmetric 
cyclicity is most easily explained by lateral migration of a 
depositonal mosaic in the shallow-platform setting. 
Complex cyclicity involving both symmetric and asymmetric 
transitions is present only in the uppermost Frobisher-Alida interval 
and Midale subinterval. The lithofacies involved are all of the 
restricted-platform setting. The cyclicity is dominantly asymmetric. 
Segments of the sequence with this cyclicity involving more than one 
transition and two lithofacies are present in the succession. This 
is, thus, the first type of cycle to be discussed that is a 
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reasonable candidate for truncated asymmetric cyclicity as expected 
from progradation of lithofacies belts. 
Three sulfate lithofacies involved in the cyclicity are 
interbedded sulfate and dolostone, mudcracked laminated limestone, 
and pattern-mottled limestone (Fi g. 72). If sulfate lithofacies 4 is 
interpreted as the product of subaqueous gypsum precipitation in 
hypersaline lagoons, the cycle may be that of a shoaling-upward 
sequence. In this scenario, the sequence upward into sulfates and 
dolostone, represents shoaling to supratidal conditions (perhaps with 
lithofacies 10 deposited in a sabkha setting) and the limestones are 
intertidal to supratidal in origin. The laminated and mudcracked 
limestone could easily be explained by intertidal deposition. 
Interpretation of limestone lithofacies 5 is, however, difficult 
without additional information. Without such information, the above 
interpretation remains speculative. Most of the cyclicity within the 
stratigraphic sequence in the northern region is simple, asymmetric, 
and would be more easily formed by lateral migration within a facies 
mosaic, than by cyclic progradation. However, there is also complex 
cyclicity within this sequence, in contrast to the southeast where 
the sequence is characterized by only simple cyclicity; the complex 
cyclicity might be most easily explained using the cyclic shoaling-
upward, carbonate-platform facies model. 
Central to Central Western Region 
Six wells included in this study are in the vicinity of the · 
maximum thickness of the Madison Group in the Williston Basin, 
assumed to have mark the basin center during its deposition. Cores 
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in this area contain a larger proportion of lithofacies interpreted 
as open-platform deposits than do cores from other areas. No cores, 
however, consist only of open-platform lithofacies. At a minimum, 
all include restricted-platform lithologies at the top of the 
sequence. Both symmetric and asymmetric cycles are present in the 
central area, as well as more complex cycles in which transitions of 
both types are present. There is a distinct stratigraphic horizon, 
at which open-marine or platform lithofacies are succeeded by 
restricted-platform lithofacies in all of the cores. This horizon is 
visible in the lithofacies-versus-depth diagrams. Different types of 
cyclicity are present on either side of the horizon and involve few 
or none of the same lithofacies. 
The informal stratigraphic units used for the subsurface work 
in the Williston Basin cannot be identified r e liably · everywhere. In 
this central area, wireline log markers, used t o pick the boundary 
between Frobisher-Alida and Tilston intervals , disappear toward the 
west and southwest. These horizons can be located only approximately 
in the westernmost wells. The sandy or silty zone, used to help pick 
the middle of the Frobisher-Alida interval and to split it into upper 
and lower halves, also becomes less distinct to. the west and 
southwest, and only an argillaceous zone is present. Therefore, 
instead of discussing the results from this area in terms of the 
intervals, the discussion will be of the segments above and below the 
stratigraphic horizon present in these cores at which the cyclicity 
abrupt l y changes. The Midale subinterval will also be discussed. 
291 
Lower Section 
The stratigraphic interval discussed here lies below the 
stratigraphic level at which open-platform lithofacies are replaced 
upward by restricted-platform lithofacies on the lithofacies-versus-
depth diagrams for the individual wells. The location in the 
sequence in terms of lithologic units and the approximate depth below 
the surface (measured from the Kelly bushing [K.B.]), is listed for 
each of the six wells in the central region in Table 5. Comparison 
was made of facies relationship diagrams, lithofacies-versus-depth 
diagrams, the stratigraphic cross sections (Fig. 7), and the 
lithofacies successions (Appendix B) to pick these horizons. 





























*measured from the Kelly bushing (K.B.) 
The lithofacies in this lower section represent deposition 
under open-circulation conditions and are characterized by a 
stenohaline fauna including, in almost all cases, brachiopods and 
echinoderms. The lithofacies are distinguished by the presenc e and 
relative abundance of other generally stenohaline faunal elements and 
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diagenetic features that reflect the open-platform depositional 
environment. These additional biotal elements include colonial 
corals, solitary rugose corals, a var:iety of types of bryozoans, 
arthropods, ostracods, foraminiferids, red algae, nodular codiacean 
algae, and calcispheres. Inorganic grain types present in these 
lithofacies include intracl asts and irregular intraclasts (probable 
nodular codiacean algae). Other common features are mostly of 
diagenetic origin, and include stylolites, microstylolites, 
silicification, replacive sulfate, and partial dolomitization. Trace 
fossils are common, and include a variety of identifiable 
ichnofossils as well as general bioturbation. The most important 
factor leading to the presence of trace fossils, which are important 
lithologic components of some lithofacies, appears to be their 
preservation by early diagenetic processes that prevented compaction. 
A few of these lithofacies are identifiably of a specific 
depositional origin, as in echinoderm skeleta l bank accumulations 
(for example, lithofacies 7, NDGS 7918). For most of the lithofacies 
the additional information needed to make a more specific 
depositional interpretation is lacking due to the character of the 
data used in this study. Therefore, the lithofacies are referred to 
only as subtidal open-platform lithofacies. Although in a position 
corresponding to the center of the Williston Basin , the lithofacies 
are not basinal in the sense of reflecting depositional conditions 
identifiably below normal wave base, distin~tly deeper than 
surrounding shelves, or showing deep basinal lithofacies such as 
turbidites or pelagic muds. The features characterizing these 
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lithofacies could reflect more favorable oxygenation or salinity 
conditions rather than water depth. 
Cyclicity in this lower sequence of open-platform lithofacies 
includes non- cyclic, asymmetric, symmetric, and mixed-cycle types; 
cycles include from two to five lithofacies. Simple asymmetric 
cycles were identified in NDGS 1262 and 7207, and a three-state 
asymmetric cycle in NDGS 7918. The differences between the 
environmental settings that produced the lithofacies in these cycles 
cannot be determined without additional information; the simplest 
interpretation is that they formed by lateral migration of localized 
adjacent environments in the open-platform setting, such as may have 
produced the symmetric cyclicity of NDGS 7918. 
More complex cyclicity with both symmetric and asymmetric 
transitions is present in core from NDGS 6217 and NDGS 793. The 
lithofacies involved are similar to those of t he cores discussed 
previously. Cyclicity is commonly truncated, but some segments which 
display nearly the complete cycle were identified. The symmetric 
portions of the cycle tend to exist as lengths of core in which the 
two lithofacies alternate repeatedly (oscillatory cyclicity). The 
asymmetric portions occur as truncated multistate sequences; both the 
asymmetry and the number of lithofacies present are compatible with 
the shoaling-upward (prograding lithofacies belts) depositional 
model. More specific interpretation of the origin of individual 
lithofacies, requiring further data collection, is necessary to 
determine the origin of the cyclicity. 
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Upper Section 
As discussed above, the lower portion of the carbonate-
dominated portions of the Mission Canyon and Charles Formations in 
the center of the study area, is dominated by echinoderm- and 
brachiopod-rich limestones , interpreted to have been formed in an 
open-platform depositional environment. These lithofacies are 
abruptly replaced upward in the succession, at a stratigraphic level 
near the middle of the Frobisher-Alida interval, by rocks reflecting 
deposition under more restricted circulation conditions. The only 
exception is in NDGS 7207, where the change occurs high in the 
section, probably above the top of rocks of the Midale subinterval. 
The top of the Mission Canyon Formation also occurs at a high 
stratigraphic level, just above the lithofacies change (Fig. 7). 
This relatively high position of open-platform lithofacies in the 
Madison Group at this location may be due to good circulation 
conditions associated with the nearby connection with the open ocean 
to the west. The change is also less abrupt in this location. It is 
present as a zone near the top of the Mission Canyon Formation, where 
the open-platform lithofacies and their associated cyclicity co -occur 
with the restricted-platform lithofacies and cyclicity (lithofacies 3 
to 9, also lithofacies 7 and 8, Fig. 43). The restricted-platform 
lithofacies at NDGS 7207 are dolomitic and mudcracked with sulfate 
beds or nodules, and may be laminated and argi llaceous or silty. One 
lithofacies (7) is characterized by peloids and euryhaline organisms 
(ostracods and algae). The change from subtidal to intertidal or 
supratidal deposition under restricted-marine conditions presumably 
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occurred later in time than elsewhere in the basin and was probably 
due to the l ocat i on of this westernmost well near the connection of 
the Williston Basin to the open ocean where restr i cted conditions 
would develop l ast. 
A similar change in the cyclici t y is present in NDGS 6470, and 
occurs at the top of the section as a zone i n which the proportion of 
restricted-pl atform, sulfate and dolomite-rich lithologies increase 
upwards. No cyclic relationships exist at this locality. The open-
platform lithofacies of the remaining four cores are succeeded by 
cyclic, restricted-platform, lithofacies of two types. In the more 
basinward of these wells (NDGS 6217, NDGS 793), the l ithofacies are 
characterized by a variety of coated-grain types, peloids, and 
intracl asts. These lithofacies refl ect higher-energy conditions than 
do the lithofacies in the two shelfward wells ( NDGS 1262 and NDGS 
7918), that consist of limestones characterized by ostracods, 
calcispheres, and peloids, and are interpreted to have been deposited 
in quieter, protected settings. 
The cycl icity in the upper sect i on ranges from simple symmetric 
relationships (NDGS 7918 and NDGS 6217), probably formed by lateral 
migration of the facies mosaic, to the complex mixed cycles ( NDGS 
793). Combined data set V was constructed for the examination of the 
part of the stratigraphic column under discussion. By clustering 
units from more than one core and of a more limited stratigraphic 
range , some of the cyclicity identified in indiv idual we l l cores 
became more complex. For example, the symmetric cycle in NDGS 7918 
between lithofacies 9 and lithofacies 6 + 8 (Fig. 23) was expanded 
into the five-state symmetric cycle involving combined data set 
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lichofacies 4, 11, 12, 13, and 14 (Fig. 75). Similarily, the 
relationship between lithofacies 8 and lithofacies 7 in NDGS 793 
(Fig. 31) has been expanded into the symmetric relationship shown in 
Figure 75 between combined data set V lithofacies 9, 10, and 15. In 
addition, a new cyclic relationship in NDGS 1262, from lithofacies 8 
to lithofacies 7 (Fig. 75), was found by use of combined data set V. 
The last of the cycle types identified by analysis of combined 
data set Vis almost identical to one type of cyclicity identified in 
the analysis of NDGS 793 . The succession of lithologic units from 
the portion of the stratigraphic section in which this complex cycle 
type occurs is shown in Figure 79. The cycles identified in both the 
individual well analysis and in the analysis of combined data set IV 
are also shown. Comparison of Figures 31 and 75 demonstrates that 
although the lithofacies and the cyclicity identified in the two 
analyses of this core segment are not identical, there is a strong 
similarity. Confirmation that both analyses identified the same real 
cycles in the succession is shown by the coincidence in the position 
of many of the tops and bottoms of the cycles (Fig. 79). The strong 
similarity of the results of these two analyses of the same sequence 
supports the use of the combined data sets to obtain more specific 
information about limited stratigraphic intervals. 
Entropy results for combined data set V (Fi g. 76), as well as 
the large proportion of symmetric r elationships visible in the facies 
relationship diagram (Fig. 75), demonstrate that cyclicity among 
these lithofacies that succeed the open-platform lithofacies is 
dominantly symmetric. Symmetric transitions are also numerically 
more common than the asymmetric transitions. These lithofacies in 
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Figure 79 : Cycle s identified in lithofacies succession of NDGS 793. 
Succession is in the middle of Frobisher-Alida interval. 
Comparison of lithofacies and cycles identified during 
individual well analysis (NDGS 793) and combined data set V. 
Note strong coincidence of position of the bases and tops of 
many cycles identified by the two analyses. 
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NDGS CD Set NDGS CD Set NDGS CD Set 
793 V 793 V 793 V 
Facies Facies Facies Facies Facies Facies 
Unit and and Unit and and Unit and and 
~ Cycles Cycles No. Cycles Cycles No. Cycles 
Cycles 
108 5 8 144 6 2 180 1 1 6 l 109 3 1 145 0 15 181 6 8 
110 3 1 146 4 1 1 182 
0 0 
111 3 1 14 7 3 1 183 6 
112 3 1 148 3 2 184 3 1 113 3 1 149 3 1 I 
185 1 
114 4 6 150 2 6 186 1 
115 3 I 1 151 1 6 187 6 116 4 6 152 1 6 188 1 1 117 4 6 153 3 6 189 3 118 5 1 8 154 6 2 190 1 119 3 1 1 155 3 3 I 
191 6 
120 3 2 156 4 6 192 1 1 121 5 
I 
8 157 1 6 193 4 
122 3 2 
1 
158 1 1 194 6 
123 2 6 159 4 3 195 6 
124 3 1 160 4 3 196 6 
125 7 15 161 13 7 197 1 
126 7 15 162 3 1 198 1 
127 7 15 163 3 1 199 1 
128 7 15 164 3 1 200 l 
129 3 
I 
1 165 4 6 201 1 
130 4 6 166 2 6 202 3 
131 1 1 167 3 3 203 3 
132 3 1 168 3 1 
I 
204 l 
133 6 2 169 l 2 205 6 
134 4 
I 
6 170 1 6 206 1 
135 3 3 171 4 6 207 4 
136 3 3 172 7 15 208 4 
137 4 6 173 1 6 
I 
209 1 
138 l 1 174 4 3 210 1 
139 0 0 175 2 6 211 6 
140 1 6 1 176 1 6 212 6 141 1 3 177 1 6 213 6 142 1 6 178 3 14 214 6 
143 1 4 179 l 5 1' 215 3 
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cores from the central area have some of the best developed and most 
complex cyclicity discovered during this study. 
The symmetry of the cycles is more consistent with the lateral 
migration sedimentation model than the progradational model. In 
particular, the migration of various shoal or island depositional 
environments composed of coated grains or skeletal debris, together 
with the associated channel, back-shoal, and other nearby 
environments could account for many of these lithofacies and cycle 
types. Another possibility, given the basinal location of these 
wells, is that symmetric cyclicity here represents paired 
transgression-regression events . In this case, the cycles might 
correlate landward to asymmetric cycles in which any deposits formed 
during the transgressive event are not preserved or are minor. It 
remains possible that the most complex cycles are the result of 
lateral migration during progradation or progradation of a facies 
mosaic, especially as there is asymmetry in these cycles. For 
example, visual inspection of Figure 79 shows a tendency, that can be 
interpreted as asymmetry, for lithofacies 6 of combined data set V to 
occur as a basal lithofacies and lithofacies 1 and S to occur at the 
top of the cycle . Evidence is not, however, sufficient to permit 
choice among these possible models. 
A final feature of this part of the succession is the 
significance of the abruptness of the transition from the underlying 
open-platform lithofacies to the restricted-platform lithofacies. 
This break is easily discerned in the lithofacies-versus-depth 
diagrams. The existence of cyclicity in both overlying and 
underlying parts of the succession implies a depositional mechanism 
300 
in which the depositional environments have specific spatial 
relationships and in which the lithofacies change in a systematic 
manner to produce cycles characterized by order and repetition. 
There are no cyclic relationships between lithofacies above and below 
the change; there is rarely gradation between parts of the succession 
dominated by differing cycles. These features may be explained in 
either of two ways: 1) an abrupt change in the environmental 
conditions in the basin resulting in sudden dominance of the 
restricted-platform depositional setting, for example, a large change 
in salinity to eliminate stenohaline fauna; or 2) an abrupt change in 
sea level, causing a sudden shift basinward of the environments of 
deposition. Either of these mechanisms could produce the abrupt 
cyclicity and lithofacies change. The data are not sufficient to aid 
in determining which is more likely. It is clear, however, that 
these changes are not the result of movement o f facies belts due to 
gradual progradation. 
In two of the sequences there is a second horizon characterized 
by an abrupt change in cyclicity. This change occurs higher in the 
succession, near the top of the Frobisher-Alida interval, at a 
subsurface depth of about 8655 feet (2630 m) in core from NDGS 793 
(between lithologic units 107 and 108), and at a depth of about 9748 
feet (2971 m; between lithologic units 88 and 89) in NDGS 6217. 
Strongly symmetric cyclicity is present (Fig. 31 and Fig. 35). The 
lithofacies include a variety of sulfates, sulfates interbedded with 
dolostone, laminated dolostones or dolomitic limestones, and 
limestone with ostracods, calcispheres, and peloids. The lithofacies 
are the product of deposition in the restricted-platform setting, as 
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are the underlying rocks. The abruptness of this change, without any 
intercalation or gradation between lithofacies from the overlying and 
underlying sequences, argues against progradation of parallel facies 
belts. Instead, the lithofacies above the horizon must have formed 
under more saline conditions due to another sudden restriction event, 
or in shallower high subtidal, intertidal, and supratidal conditions 
caused by a sudden drop in sea level. 
Similar lithofacies are also present in the Midale subinterval 
and uppermost Frobisher-Alida interval of NDGS 1262, and were 
identified in the Frobisher-Alida interval during analysis of 
combined data set V (lithofacies 9, 10, 15, Fig. 75) and in the 
Midale subinterval by analysis of combined data set I. Cyclicity is 
weak and present only five times in the Midale portion of the 
stratigraphic section. These uppermost units and cycles are 
interpreted to have resulted when environments of deposition suddenly 
shifted basinward due to an event similar to that discussed above. A 
sudden change in the chemical conditions of the Williston Basin due 
to restriction of circulation with the open ocean, is the f avored 
hypothesis because well-developed erosion or exposure surfaces would 
be expected in the marginal areas of the basin if sea level dropped 
suddenly. However, evidence generated by this study is not 
sufficient to permit the choice of a preferred mechanism for the 
production of the abrupt cyclicity changes. 
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Compar i son to Previous Work 
Indirect Comparisons 
As discussed previously, cyclicity in the Madison Group of the 
Williston Basin has been reported by many previous workers. As was 
also pointed out, the character of the cyclicity reported varied in 
scale and type (for example, asymmetric versus symmetric). 
Explanation of the generation of the cyclicity has been an important 
component in the construction of depositional models for these 
sequences. The comparison of the results of this study with those of 
previous workers can be done on several levels. In instances where 
the same core was analyzed in both this and another study, direct and 
specific comparison of the results of both is possible. In such an 
instance, the results of this statistical study can serve to test the 
validity of depositional models proposed by t he earlier 1,1orker. In 
other cases of cyclicity reports and the proposal of depositional 
models, only the general results and implications of this study can 
be used in evaluation of the earlier work. 
Many ·reports of cyclicity in the Mission Canyon and lower 
Charles Formation identified thick cycles that are equivalent to 
informal subsurface units, including interval, subinterval, and "bed" 
scale (Table 2). Such cyclicity can be thought of as stratigraphic, 
as it consists of cyclic units, the smal l est of which are 
depositional sequences on the order of 10-102 feet (in the range of 
10 metres). In contrast are cyclic relationships that have been 
termed "small-scale". These cycles are only a few feet (metres) in 
thickness and involve cyclic interaction of specific lithofacies. 
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Such cycles can be thought of as more sedimentological in origin than 
the larger-scale cycles, since they involve relationships between 
local depositional facies. The specific results of this study are 
mostly. relevant to the second type of cycli~ity, since they primarily 
describe the small-scale cyclicity present individual cores or 
stratigraphic intervals. However, some of che results are relevant 
to the discussion and evaluation of the interval and "bed"-scale 
cyclicity and associated depositional models. 
The horizons marked by abrupt changes in the cyclicity in the 
succession, present in most well cores, are also positions of major 
changes in lithofacies. Some of these horizons correspond to 
interval boundaries or the boundaries between the "beds" of Harris 
and others (1966). But in no case were all of these subsurface 
boundaries marked by the abrupt changes in the l ithofacies and 
cyclicity. There is evidence, therefore, that the carbonate-
dominated sequence of the Mission Canyon and lower Charles Formations 
is broken into discrete stratigraphic units, each characterized by a 
specific type of sedimentary depositional cyclicity that differs from 
that of the overlying and underlying sedimentary unit. Within such 
units the lithofacies involved in the cyclicity are present 
throughout the interval, and do not appear to change systematically 
as would be expected if these packages were shallowing-upward 
(regressive) sequences of the type described for the intermediate and 
large-scale sequences in the Madison (Table 2). 
The apparent vertical stationarity of broad lithofacies t ypes 
characterized by specific depositional cyclicity and separated by 
horizons that represent rapid changes in which the facies tract moved 
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basinward, is similar to the depositional situation proposed by 
Luther for the Glenburn bed in Wiley Field (1988). Luther found that 
lithofacies boundaries remained stationary during most of the period 
of deposition, then were shifted basinward out of the study area. 
Furthermore, in most instances, the units between such horizons of 
abrupt changes in cyclicity are characterized, upward through the 
succession, by cyclicity involving lithofacies of progressively more 
restricted depositional conditions. This observation supports the 
idea put forth by many workers of the generally regressive nature of 
the Mission Canyon Formation (Lindsay, 1985; Lindsay and Roth, 1982; 
Wilson, 1975) and the Frobisher-Alida interval (Obelenus, 1985; 
Shanley, 1983; Waters, 1984; Waters and Sando, 1987). 
In general, depositional models for the Mission Canyon and 
lower Charles Formations have been elaborations on the general, 
hydrodynamically controlled, epeiric sedimentation zones of Irwin 
(1965). The models have become progressively more complex. Early 
models proposed only four broad facies belts, ranging from basin to 
lagoon (Eide, 1958; Harris and others, 1966), whereas later models 
subdivided these broad facies tracts into many more facies belts 
(Elliott, 1982; Kent, 1984; Lindsay and Roth, 1982; Obelenus, 1985; 
Shanley, 1983). One characteristic that these models have in common 
is that they all involve bands of each lithofacies type perpendicular 
to depositional slope and parallel to the hypothetical shoreline. 
The results of this study indicate that small-scale, complex, 
predominantly symmetric cyclicity is abundant in many places within 
the basin. Such cyclicity is not what is expected from deposition in 
the numerous narrow lithofacies belts shown in many of the more 
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recent models. Rather, it indicates the probable existence of very 
broad facies belts, possibly equivalent to the X, Y, and Z zones of 
Irwin (1965), and possibly ranging to widths of up to several 100 
kilometers. Within such broad belts, lithofacies representing 
specific depositional environments would be arranged as a 
depositional facies mosaic. Within the facies mosaic, lateral 
migration would produce small-scale cyclicity. The broad facies 
tracts would remain relatively stationary until a change in relative 
sea level or the chemical composition of the water in the basin 
caused a sudden switch to a new depositional regime in which 
lithofacies representing more restricted conditions would be formed. 
A final aspect of the interpretation of these sharp 
stratigraphic changes revolves around the use and misuse of the word 
"progradation". Stepwise shifts of facies tracts, perticularly of 
the evaporite-carbonate boundary, are commonly referred to and 
explained by rapid progradation of the lithofacies due to sea level 
drops, stillstands, or the restriction of circulation, with or 
without shoals (Lefever and Anderson, 1986; Luther, 1988; Shanley, 
1983). Progradation is the building forward or outward toward the 
sea of a shoreline by deposition and accumulation of sediment 
(modified from Bates and Jackson, 1987, p. 530). Even during rapid 
progradation, each depositional environment present laterall y between 
the depositional environments occupying one site before and after a 
progradation episode, will be represented in the vertical succession 
at that site. The sudden, complete change to a new depositional 
regime, need not be due to progradation, particularly because the 
change is to evaporite lithofacies. Evaporites are chemical 
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precipitates, not a product of mechanical deposition. The 
distribution of evaporite lithofacies need not be related to the 
hydrographic factors that control the deposition of many carbonate 
lithologies because only the chemical conditions within the water 
column need to change. Such a change in the ~illiston Basin could 
have been affected by climate alone if it produced an increase in the 
rate of evaporation, a decrease in continental run-off, or a change 
in wind patterns responsible for mixing of the water column. In 
addition to expanding the area of evaporite production, possibly 
without a corresponding areal shift in carbonate facies, carbonate 
production by biologic means could be shut off by increased salinity, 
thus, eliminating the source of carbonate accumulation. At least one 
worker (Luther, 1988) has already hypothesized entirely chemical 
controls for the areal expansion of evaporite lithofacies. However, 
the unfortunate use of the term "progradation" to describe the 
stepwise nature of the carbonate-evaporite lithofacies boundary 
persists. 
Direct Comparisons 
Direct comparison of the details of the results of this work is 
possible in one instance. NDGS 6217 (Gulf-Hurinenko l-10-2A) in the 
Little Knife Field was examined during both this study and that of 
Lindsay and Roth (1982). The depositional model proposed by Lindsay 
and Roth for the Mission Canyon succession in this area is similar to 
that used by Lindsay (1985) for the Rival and Midale subintervals to 
the north. In essence, Lindsay and Roth divided the Mission Canyon 
into six zones (A-F) that represent progressively shallower 
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environments of deposition, passing upward from an open-marine ( l ow 
energy and high energy) environment, to a protected-shelf 
environment, to the marginal-marine oolitic barrier and lagoon 
environments, and finally, to tidal flat and sabkha environments. 
Lindsay and Roth recognized "major" carbonate asymmetric cycles 
of skeletal mudstone to grainstone (zone F), ranging from 4 to 37 ft 
( 1. 2- 11 m) in thickness and averaging 16 ft ( 4. 9 m) thick, in their 
open-marine facies. The results of this study indicate that 
cyclicity does exist in zone F between lithofacies such as Lindsay 
and Roth described. It is , however, symmetric cyclicity (Fig. 35, 
lithofacies 1 and 6 + 7). Cycles were found to range in thickness 
from 4.4 to 13.6 ft (1.5 -4.5 m) and average 8.5 ft (3 m) and, thus, 
are thinner than the cycles of Lindsay and Roth. Because these 
cycles are, in fact, symmetric not asymmetric , the shoaling-upward 
origin involving changes in wave base favored by Lindsay and Roth is 
not likely. The alternative mechanism they proposed was formation by 
storm-surge; this is more consistent with the symmetric nature of 
these cycles. 
Lindsay and Roth (1982) also recognized cycles in the 
protected-shelf lithofacies (zones D, E, F). They describe these as 
asymmetric skeletal mudstone to wackestone "minor" cycles that are of 
similar thickness to the "major" cycles. They interpreted these as 
representing muds into which storm layers had been bioturbated to 
form the wackestone and destroy the sharp boundaries of the storm 
layers. The second type of cycle found by this study is present in 
this part of the sequence. It is asymmetric (Fig. 35, lithofacies 4, 
5, 8, 6 + 7) and the lithofacies involved are lithologically similar 
308 
to those identified by Lindsay and Roth. Again, the cycles 
identified in this study are much thinner than those of Lindsay and 
Roth, and range in thickness from 0.5 to 8.6 ft (0.2-3.0 m) and 
averaging 2.9 ft (1 m). They also involve more lithofacies and 
lithofacies transitions than do the "minor" cycles of Lindsay and 
Roth, but are not incompatible with their proposed mode of origin. 
Lindsay and Roth (1982) did not recognize any other cyclicity 
in this succession, but two more types of cycle were identified in 
the upper parts of the succession (Fig. 35, lithofacies 3 and 2, and 
13, 10, 11, and 9) by this study. These cycles range from 0.5 to 9.5 
ft (0.2-3.0 m) in thickness and average 4.5 ft (1.5 m) thick. In 
zone B the cycles are pelletal and symmetric, and might represent 
either the intertidal buildups and lagoon, or restricted-marine 
facies of Lindsay and Roth (1982). They seem likely to represent 
migration of depositional environments in a f ac ies mosaic. The 
cycles in zone A are composed of evaporite sulfates and dolostones in 
a complex mixed cycle. These could represent the lagoon and sabkha 
of Lindsay and Roth, but the cyclic relationship suggests a patchier 
areal distribution than shown in their depositional model. 
In swnmary, comparison of results of this study could be made 
very specifically with those of Lindsay and Roth (1982). The results 
of the two studies are in agreement in terms of lithofacies 
identification and the generally regressive character of the 
succession. Their interpretation of the origin of the lithofacies 
requires modification in light of cyclicity that they did not 
recognize. In particular, lithofacies are more likely to have formed 
as a facies mosaic than as the narrow linear belts shown in their 
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model, especially the restricted-platform, subtidal to supratidal 
lithofacies. 
Areas for Future Work 
Several directions for the continuation and extension of this 
work are apparent at the completion of this study. One is the 
integration of the statistical approach with the qualitative study of 
the rocks to produce more detailed depositional models for the cyclic 
successions. This would involve detailed examination of samples 
selected as representative of the lithofacies determined by 
clustering, using usual macroscopic and microscopic techniques. It 
wo.uld permit the interpretation of the quantitatively defined 
lithofacies as the product of specific depositional environments, 
permitting, for example, the differentiation of sabkha and salina 
lithofacies. This would allow more refined i n terpretation of 
cyclicity and further evaluation of the depositional models of other 
workers. 
A second direction is to use the statistical methods to study a 
smaller area and a narrower stratigraphic interval. In particular, 
the Frobisher-Alida interval in the northeastern part of the 
Williston Basin, both in North Dakota and in Saskatchewan, would be a 
good object of such study. Core availability is good and log 
correlations are well established for this interval and area. 
Furthermore, 4 large number of the depositional models proposed for 
the Mission Canyon and Charles Formations are based on the study of 
this area (Eide, 1958 ; Elliott, 1982; Kaldi, 1982; Kent, 1984; 
Lindsay, 1985; Luther, 1988; Obelenus, 1985; Shanley , 1983). Close 
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spacing of core in this area might permit the correlation of specific 
cycles from well to well and discrimination of very local and more 
widely distributed cycle types. This area also has good core 
availability for the Ratcliffe interval. 
A third direction is the further refinement of the methodology 
used for this project. Some of these refinements are quite simple, 
such as the addition of components to the binary variable set to aid 
in the better discrimination of sulfate lithofacies. This involves 
development of a more descriptive terminology for sulfate morphology 
than the textural classification used (Maiklem and others, 1969). 
Other components that could be useful additions to the variable set 
include select ichnofossils and red algae. It would also be 
interesting to explore the use of some of the other binary 
coefficients employed in taxonomic studies, as there are others that, 
like the phi coefficient, provide some basis for the evaluation of 
the significance of clusters in a dendrogram. In particular, the 
ongoing work of Maples and Archer (Archer and Maples, 1987; Maples 
and Archer, 1988; C. G. Maples, pers. comm., 1988) on the behavior of 
a variety of binary coefficients wich differing types of data sets, 
indicates that there are some additional coefficients that might be 
appropriate for facies analysis. 
One additional modification of the method that will be made in 
future work is based on the results of tests of substitutability by 
Richard D. LeFever (pers. comm., 1988). He has produced a series of 
graphs that permit evaluation of the significance of mutual 
substitutability values for the identification of probable 
significantly substitutable lithofacies pairs for a variety of types 
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of successions. According to his work, the mutual substitutability 
value of 0.70 used as the cut-off value for this study will identify 
significant substitutability in all of the succession types, but is a 
conservative value. The graphs could be used to determine the 95 
percent confidence level for mutual substitutability for each 
separate analysis and would permit futher iteration than does the 
conservative value of 0.70. 
One final direction for the continuation of this work is 
eventually to extend this analysis out of the Williston Basin, across 
Montana. Examination of the sequence on the oceanic shelf and the 
area between that and the Williston Basin, should lead to 
discrimination of local and regional cyclic effects. This would help 
determine whether eustatic sea-level changes or restriction of 
circulation from the open ocean were factors in the formation of 
cyclicity in the Madison Group of the Williston Basin. Correlation 
of such cycles across the shelf could lead to the identification of 
autocyclic or eustatic controls on the sedimentary evolution of this 
sequence. This may help in the determination of the ways in which 
intracratonic basins and epeiric seas, two tectonic settings that 
lack modern analogs, differ from other carbonate-depositional 
settings. 
SUMMARY OF CONCLUSIONS 
1. Cyclicity does exist in the stratigraphic succession of the Mission 
Canyon and lower Charles Format i on s in the North Dakota portion of 
the Will iston Basin. It is not, however, present everywhere nor is 
it uniform in its character. The cyclicity identified by the 
methods of this study is of the type referred to as the "composite 
cycle" by Duff and Walton (1962). 
2. Cyclicity ranges from simple cycles of two lithofacies to complex 
relationships of three or more lithofacies. It is variously 
asymmetric, symmetric, or involves both symmetric and asymmetric 
transitions within one relationship. Cycles are more dominantly 
asymmetric on the flanks of the basin and symmetric to mixed near 
the basin center. The majority of the cyclicity is compatible with 
simple migration of lithofacies in a faci es -mosaic, platform , 
depositional model. A few, more complex, cycles may r esult from 
progradation of platform environments to form shoaling-upward 
cycles of the type that are the ruling carbonate-facies model for 
shallow-·platform sequences. The evidence was insufficient for 
certain identification of the origin of the complex cycles. 
3. Improvement and refinement of cyclicity and lithofacies identi-
fication by restriction of data sets to a specific stratigraphic 
interval indicates a lack of vertical stationarity in the sequence . 
Lateral homogeneity between wells within an area is greater than 
the vertical homogeneity in the succession. Lithofacies and cycle 
types are not uniformly distributed vertically in the succession 
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but are commonly concentrated in short portions of a primarily non-
cyclic succession. 
4. Homogeneity tests could not be used with this data set without 
modification. The results are indicative of generally homogeneous 
probabilities of specific lateral lithofacies transitions. 
5. In many wells there are stratigraphic horizons where the 
lithofacies and cyclicity change abruptly. Cycles above and below 
such horizons rarely have any lithofacies in common. These 
horizons represent abrupt changes in the local depositional 
mechanism and resulting facies pattern. Two proposed origins for 
these changes are: a) rapid sea-level drop and b) sudden 
restriction of circulation with resultant change in the chemical 
conditions within the water column . 
6. The lithofacies present in this stratigraphic sequence fall into 
two categories: open-platform and restricted-platform carbonate 
facies (Wilson, 1975). True basinal lithofacies, indicative of 
basinal circulation regimes, were not found. The restricted-
platform lithofacies commonly could be assigned to subtidal, 
intertidal, and supratidal depositional environments. 
7. Facies interpretation is limited by the type of data used in this 
study. More detailed information is needed to distinguish local 
lithofacies. For some lithologies, particularly the sulfate 
lithofacies, more information is needed even to distinguish 
intertidal and supratidal origins . 
8. Some localized lithofacies were found to be essentially random in 
occurrence and independent of the cyclic lithofacies. These can be 
attributed to independently operating depositional mechanisms. 
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Storm-surge and eolian models might explain the origin of these 
deposits, but more information is needed to determine their 
specific mode of origin. 
9. The overall sequence is regressive but vertical changes are abrupt, 
not gradational, in many locations . 
10. The methodology developed for this study worked well. Improvements 
of the method for future work include modification of the criterion 
used to evaluate mutual substitutability, evaluation of the 
significance of lithofacies transitions represented only once in 
the succession, and determination of what relatively rare 
lithofacies may be removed from a data set prior to cyclicity 
analysis. These improvements would insure valid analyses by 
increasing the expected values used to calculate the chi-square 
test during Markov analysis. 
APPENDICES 
APPENDIX A 
Legal Descriptions and Locations 
of Cores Used in This Study 
The legal description and location of the twelve wells from which core 
was used for this study are listed below in numerical order of their 
North Dakota Geological Survey (NDGS) well numbers. The legal 
description consists of the NDGS well number, operator, and well name, 
in descending order. The location is given by the Standard Land Office 
Grid System in the following order: quarter-quarter section, section 
number, tier and range of the relevant township. Because these cores 
are from widespread locations in the North Dakota portion of the 
Williston Basin, the county in which the well is located has also been 
given. The footage of core used in this study is listed in terms of 
core depth in feet subsurface , measured from the Kelly bushing. The 




Mobil Production Company 
Solomon Birdbear et al. #l 
NDGS 1059 
SOHIO Petroleum Company 
Walsh #l 
NDGS 1262 
Amerada Petroleum Company 
T. L. Lacey #l 
NDGS 4208 
Chevron Oil Company 
Theodore Lang #l 
NDGS 4252 
Chevron Oil Company 
Wayne A. Grimm #l 
NDGS 6217 
Gulf Energy and Minerals 
Company, U.S. 
Hurinenko No. l-10-2A 
NDGS 6470 
Gulf Oil Exploration and 
Production Company 
Schmidt No . 1-15-4 
LOCATION 
SE/NW, Sec. 22, 
T 149 N, R 91 W 
Dunn County 
SE/NE, Sec. 12 , 
T 163 N, R 86 W 
Renville County 
NW/SW, Sec. 6, 
T 152 N, R 94 W 
McKenzie County 
SE/SE, Sec. 20, 
T 139 N, R 76 W 
Burleigh County 
SW/NE, Sec. 28, 
T 145 N, R 73 'W 
Wells County 
NW/NE, Sec. 10, 
T 144 N, R 98 W 
Billings County 
SW/SW, Sec. 15, 














Shell Oil Company 
U.S.A. No. 42-28-43 
NDGS 7.918 
Marathon Oil Company 
Kull and 2 9 - 24 
NDGS 7936 
Chevron U.S.A., Inc. 
Rassen Rambough No. 1 
NDGS 8794 
Monsanto Company 
Lottie No. 2 
NDGS 9248 
ARCO Oil and Gas Company 
Manz No. 1 
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LOCATION 
SE/NE, Sec. 28, 
T 148 N, R 104 W 
McKenzie County 
SW/SE, Sec. 29, 
T 154 N, R 89 W 
Mountrail County 
ml/NW, Sec. 13 , 
T 136 N, R 75 W 
Emmons County 
ml/SW, Sec. 13, 
T 163 N, R 91 W 
Burke County 
NE/SW, Sec. 11, 












Binary Sample Data 
The presence-absence data collected for all lithologic units 
identified in the twelve well cores used in this study are presented in 
Appendix B. The data for each well core is presented separately, in 
numeric order of increasing North Dakota Geologic Survey (NDGS) well 
number. The lithologic units comprising the core are listed on the left 
of each page. Non-even lithologic unit numbers indicate the presence of 
a gap in the core of that well. In the next column are listed the 
subsurface depths of the tops of the lithologic units, measured in feet 
from the Kelly bushing. The number of the lithofacies to which the 
lithologic unit was assigned during cluster analysis is indicated in the 
third column. Abbreviations representing the 46 lithologic components 
used in this study are listed across the top of the remaining columns. 
An "X" in any row indicates the presenc,e of the component of that 
column; a blank space indicates the absence of that component. A key to 
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I 8504.ll 6 X X X X X X X 2 8504.5 b X X X X X X X X X X X 
3 8505. 2 6 X X X X X X X X X 
4 8506. 7 b X X X X X X X X X X 
5 1150/ .0 7 X X X 
6 6509.0 13 X X X X X X X l[ 
7 !1510.0 7 X X X X X X 
8 8512.0 1 X X X X X I X 
9 11513.0 7 X X X X X X l[ X X 
10 11514.J I X X X X X X X X 
11 8516.CJ 7 X X X X I X X 
12 115 lo.8 1 X X X X X X X X X X X 
I) 851/. 2 7 X X X X X X 
14 8518 . 5 7 X X X X I 
15 11520.3 7 X X X X X X X X X X 
16 8522 .8 6 X X X X X X X X 
17 85 24. 3 7 X X X X X X X X 18 8528 . 0 7 X X X X X X X w 
19 85 28. 5 7 X X X ...... 
<D 20 8529, I 7 X X l X It 
21 8531.5 7 X X X X X 
22 8532.0 5 X X X X X I X X X X I X 
23 8534.8 7 X X X X X 
24 8537. 9 6 X X X X X X X X 
25 8539.1 7 X X X X X X 
26 8540.0 6 X X X X X X I I 
27 8540.8 6 X X I X X X 
28 8542.8 6 X X X X X X X X X I 
29 8543.7 1 X X X X X X X X X I X 
30 11544. 2 6 X X X X X X X X X X It I I X 
31 8546.0 6 X X X I I X X X 
32 8548.0 6 X X X X X x · x X X X 
31 8548.8 6 X X X X X X X X X I 
34 8549.0 6 X X X X X X X X X X X 
35 8552 .o 6 X X X X X X X I X I I I I I 
)b 8555.0 7 X X X X X X X X X 
37 855b.7 13 X X X X X X X X X X I X X 
38 1!568.6 7 I X X X X X 
39 8572.0 10 X X I X I X X 
40 11575.S 5 X X X X X X X 
41 8576.0 6 X X X X X X X 
42 11517 .0 b X X X X X X X X X X X 
43 as,;_., (, X X X X X X X X 
44 8S79.0 6 X X X X X X X X X X 
45 tl51W.4 7 X X X X X X I X X 
Well 793 
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46 8582.3 6 X X X X X X X X X 47 8583.S 7 X X X X X X X 48 8587 .o 7 X X X X X X I 49 8588.5 8 
I X so 8589.2 7 X X X X I 51 8591. 2 8 
X X 52 8592.0 7 X X X X 53 8593.5 7 X X X X X X X X X X 54 8595 . 0 7 X X X X 55 8595.8 7 X X X X 56 11596. 7 7 X X X X X X X 57 ll598.0 6 X X X X X 58 859~.o 1 X X X X X X 59 8599.7 7 X X X X X 60 8601.3 5 X X X X X I X X X X 61 8603.0 6 X X X X X X X 62 8605.0 7 X X X X X 
\,..-63 8605.8 13 X X X X X X X X X ,.., 64 8609.5 7 I X l X ,-;; 6S 8611.2 7 X X X X X X 66 86 11 .7 6 X X X X 67 8613.0 8 X X X X 68 8614.3 6 X X X X X X X X 
69 86 16.0 8 X X X 70 8618.5 8 X X X X X 
71 86 19 . 5 6 X X 
72 8620.0 8 l X X X 
73 8620.4 7 X l X X X 74 8621.0 7 X I X X X X X 75 8622 .o 8 X X 
76 8622.5 7 X X X l X X X 
77 8624.4 7 I X I X 78 8625.4 8 X X X 
79 8626.0 7 I I X X X 
80 8628.4 8 X X X 81 8629.0 8 X X X X 
82 8630.0 7 X X 
83 8630.3 8 X X ll4 6630. 7 1 X X X X X X X 
85 ll63 l. 0 8 X X X 
86 ll6J I. I 7 X X X X X 87 8631.4 7 X X X X 
fjfj 8632 . 0 7 X X X X X X 
89 8632 . 2 b X X X X X X X X 
90 86)2.5 6 X X X X X X X X 
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91 8633.7 1 X X X X X X X X X X 92 8635.0 1 X X X X X 93 8636.0 6 X X X X X X 94 8638.0 6 I I X I I 95 8640.0 0 X I 96 8640. 8 1 X I X X 97 8642.2 6 X X X X X I X X X 98 8642. ~ 7 X X X X I X X 99 llb43.2 8 
X 100 8644 . 3 1 X I X X X X X X 101 864~.4 7 X X X 102 8647 .0 7 I X X X 103 8648 .1 8 
X X X 104 8650.0 5 X X X X X X X X X 105 8651. 8 7 X X I X I 106 8653.0 7 X X 107 8653.3 7 X X X X X 108 8655.0 5 X X X X X X X w 109 8656.0 3 X X X X X X X X X X X X X X N 110 86S7 ,5 3 X X X X X X X l l X X l l I ,-,, 111 8658.5 3 X X X X X X X X X X X X I X I 112 8659.7 3 X X X X X X X X X X X X 
113 8660.8 3 X X X X X X X I X I 
114 8662.0 4 X X X X X X X 
115 8662 . 5 3 X X X X X X X X X X 116 866) .7 4 X X X X X X X X X 117 8665.0 4 X X X X X X X I I l 118 8665.7 5 X X X X X X X 119 8666.5 3 X X X X X X I X I X X 120 8668.3 3 X X X X X X 121 8669.9 5 X X X X X X X X I 122 8674.0 3 X X X X X X X X 123 8675. 1 2 X X X I I X 124 8677 .1 3 X X X X X X X X X I 125 8678.0 7 X X I X 126 8678.4 7 X X I 127 8679.2 7 X X X 128 ll680.1 7 X X I 129 8681 .0 3 X X X X X X X X X X I X I I X I 130 8684.0 4 X X X I I X X 131 8085.0 1 X X X X X X X I I X X I X I 1)2 868CJ.4 3 X X X X X X X I X I 133 81>~1.0 6 X X X X X X X X X X X 134 8b9J. 4 4 X X X X X X X X X X 
135 8694.0 ) X X X X X X X X I X I I 
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136 869~. 4 3 X X X X X X X X X X X 
137 8698.0 4 X X X X X X X X X X X 
138 8699.0 I X X X X X X X X X X X X X 
139 8701.0 0 X X X X X l l 
140 8703.3 1 X X X X X X X X X X l 
141 8704.0 1 X X X l X X X X l X 
142 8704.6 I X X X X X X X X X X I 
143 8704.9 1 X X X I X X I X 
144 a10~.o 6 X X X X X X X X I X I 
145 8706.0 0 X X X I X 
146 8706. 2 4 X X X X X X X X X X X X X 
147 8708.0 3 X X X X X X I I X X X X I 
148 8713 .5 3 X X X X X X X I X X I 
149 8713. 9 3 X X X X X X X X I X X X l 
150 8715. 2 2 X X X X X I X I I 
151 8715.S I X X X X X l I X I X X X I 
152 8717 .5 I X X X X X X X I X I w 153 8718.4 3 X X X X X I N 154 8718.9 6 X X X X X X X X I I X I Iv 
155 87 20 . 7 ) X X X X X l I l l X l 
156 8722.2 4 X X X X X I I I X 
157 8723.5 1 X X X X X I I I X X I. 
158 8724.0 I X X X X X X I X I I X X 
159 8725.3 4 X X I I. I X I 
160 8725 .5 4 X X X X X I I X l 
161 8725, 7 13 X X I 
162 87 26.0 3 X X X X X X X X X I 
163 87 26. 7 3 X X X X X I X X I 
164 87 27. 7 3 X X X X X l X X I X 
165 8728.2 4 X X X X I X I l X I 
166 8130.6 2 X X l I I X l 
167 8731.0 3 X X X X I X I X I X 
168 tl731.6 3 X X X X X I X I l X I 
169 8733.8 I X X X X I I X I X 
170 8735.0 1 X X X X X X I I I X I I l I 
171 8737 .0 4 X X X X X X X 
172 a,,,o.o 7 X I X X X 
173 8741 .3 1 X X I X X I X I X 
174 8742.0 4 X X X I X X I 
175 8741. 7 2 X X X X X I X 
17b 8743 .5 1 X X X X X X X X X X I 
177 8746.0 1 X X X X X X X I X X X 
178 1!748.0 3 X X X X X l 
179 1!741!.4 I X X X X X X I X I X X 
180 87 48. 7 1 X X X X X X X X X X X 
Well 793 
D~pth ~· C p I L C N C F B I! B s C B " C s C ·S A p F C • l( C " B a B p s " C L N " " s to .. 0 p 0 I n I i a 0 A • 0 r C r I I i T i r i D • u r y • r • I s r d 0 r t • t • r • 0 I • C Top C 0 i • p t r t 1 • 1 • r a h y C C V r C s 1 0 r l 8 r n u L L 0 B C r r u t y t y t d N • 1 of i i • p • r r h C t g t • C i 0 r r • i r u i 1 b f i i • • • • r e r D " r t 1 y • b " " V • Unit Unit e d 0 C l • I 0 i r a r • h n ,. l l l l i p C 0 C C l t • t • • t d lr. & • b H 0 l s s s s s t =====:; === = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = " = = = = = .. = : = .. = . . . . 
181 8749.5 6 X X X X X X X X X X X X 
182 8751.0 0 X X X X X X X X X 
18) 8752.0 6 X X X X X X X X X X X X X 
184 8753.0 3 X X X X X X X X X X X X X X I 
185 8755 .6 l X X X X X X X I X X I 
186 8755.8 l X l( X X X X X X X X 
187 8756.4 6 X X X X X X X X X X 
188 8758.0 1 X X X X X X X X X X 
189 8759.0 ) X X X X I I I I X I 
190 8759.3 l X X X X X X I I X X I 
191 8762.0 6 X X X X X X X I X I X 
192 8764.5 1 X X X X X X X X X X X 
193 8765.0 4 X X X X X X I X 
194 8766.5 6 X X X X X X X X X X X 
195 8767.0 6 X X X X X X I X X X 
196 8767.5 6 X X X X X X l( X X 
197 8768.0 l X X X X X X X l( X X 
198 8769.8 1 X X X X X X X X X X X X 
199 8171.0 1 X X X X X X X X X w 
1-v 200 8772.3 1 X X X X X X X X X X C..,J 
201 8772, 7 l X X X X X X X X X I X X 
202 8773.1 3 X X X X X X X l( X I X X X X 
203 8774.0 3 X X X X X X X X X X X 
204 8776.0 1 X X X X X X X X X X X X 
205 8776.4 6 X X X X X X X X X X X X 
206 8778.3 1 X X X X X X X I X X 
207 8781.0 4 X X X X X I I I I 
208 8782 .5 4 X X X X X X X I I X 
209 878).8 1 X X X X X X I X X 
210 87113 .9 l X X X X I X X X 
211 8787.0 6 X X X X X X X X X I I 
212 8790.0 6 X X X X X X X X X X I 
213 8792.4 6 X X X X X X X I X 
214 8795.3 6 X X X X X X X X X X 
215 ll798.0 3 X X X X X X X X X I X X 
216 8799.0 6 X X X X X X X X X 
217 8799.4 6 X X X X X X X I X X X X 
211l 8804.2 6 X X X X X X X X I 
219 8805.0 6 X X X X X X X X X X 
220 81106.3 6 X X X X I I X I 
221 &806.11 6 X X X X X X X X X X 
222 8808.4 6 X X X X X X X X X X X X X 
223 8809.!! 7 X X X X X X 
224 8810.3 6 X X X X X X X X X X 
225 811 11. 3 6 X X X X X X X X X X X X X X 
Well 793 
IJCf>lh F C p I L C N G F B E B s C B " G s C s A p F C • X G H B II B p s H C L N H H s tu ~ 0 p 0 I n l i .. 0 A • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C 1'0 1' C 0 i .. p t r t I • 1 • r • h y C C V r C s 1 0 r 1 & r n u L L 0 B C r r u t y t y t d N • 1 of i i ' p " r r h C t & t • C i 0 r r • i r u i 1 b f i i • • • • r • r n V r t 1 y • h u " V • Unit Unit " d 0 C 1 • I 0 i r • r • h n & 1 l 1 l i p C 0 C C l t • t • • t d k & • b " 0 1 s s s s s t = = = = = = = = = = = = = = = = = = .. = = = = = = = = = .. = = = . = . = = = = = . = = = 
226 8812.0 12 X X X X X X X 
227 8813. 7 6 X X X X X X X X 228 8815 .1 6 X X X X X X X X X X X X 229 8816.0 6 X X X X X X X X X X 230 8816.2 6 X X X X X X X X X X X 231 8817.0 6 X X X X X X X X X X 232 8818.0 6 X X X X X X X X X I 233 8819.0 6 X X X X X X X X X X 234 8819.8 6 X X X X X X X X X X X X 235 8820.0 b X X X X X X X X X X X 236 8820.5 6 X X X X X X X X X 237 8821.4 11 X X X X X X X X X X X X X X 238 8822.0 11 X X X X X X X X X X X X X X X 239 8824.5 6 X X X X X X 240 8825.0 9 X X X X X X X X X X X 241 8826.5 11 X X ll X X X 
241.5 8827 .0 0 
242 8833.0 10 X X X X X X X ._, 
N 24) 8833.3 11 X X X X X ll X X X X X X .c-244 883).7 13 X X X X X X X X X X X 245 8834.0 9 X X X X X X X X X X 246 8834.~ 13 X X X X X X X X X X X 247 8835.) 13 X X X X X X X X X 248 8836.0 13 X X X I X X X X l[ 248.5 8839 . 0 0 
250 8845 .0 10 X X X X X X X X X X 251 8849.5 9 X X X X X X X X X X 252 8852.2 II X X X X X X X X I I 253 8852.5 10 X X X X X X X X X I X I X 254 8856.0 10 X X X X X X X X X X X X 255 8857.0 13 X X X X I I l[ X 256 8859.0 9 X X X X X · X X I 257 8859 . 5 12 X X X X X X X I X 258 8860.2 10 X X X X X X X X X X I 259 8864.0 10 X X X X X X X X X X X X X 260 8865.2 9 X X X X X X X X X X 261 8867.5 10 X X X X X X X X X X X X I X 262 8869.7 9 X X X X X X X X X X 263 8870.0 9 X X X X X X X X X X 264 8870.6 9 X X X X X X X X 265 8870 . 7 I ) X X X It It X X X X 266 8871.0 12 X X X X X X X X I X 267 8873.5 ' !) X X X X X X X X X X 
268 8874.0 12 X X X X X X X X X X X X 269 8879.0 13 X X X X X X X 
\/ell 793 
Depth F C p I L C N C F B E B s C B H C s C s A p II' C • X C H 8 B B p s H C L N H H s 
to a 0 p 0 I n I i .. 0 A 8 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 i .. p t r t 1 • 1 • r • h y C C V r C s l 0 r l I r n u L L 0 a C r r u t y t y t d N • l of i i ~ p e r r h C t I t • C i 0 r r • i r u i 1 b f i i e • • • r • r n .. r t 1 y • b u H V • Unit Unit .. d 0 C 1 • I 0 i r • r • h n z 1 l l l i p C 0 C C l t • t • • t d .. I • b H 0 1 s s s s s C 
" = = = = = = = = = = = = " = = = = = = = = = = = = = = = = = = = = = = = = = " = " " .. " = 
270 8879.5 9 X X X X X X X X X 
271 8A83 . 0 9 X X X X X X X X X 
272 8883.5 9 X X X X X X X X X X X 
273 8884.4 13 X X X X X X X X X 
274 8886.9 9 X X X X X X X X X X X X X X 
27~ 8889.2 10 X X X X X X X X X X 
276 8890.4 9 X X X X X X X X X 
277 8B9 l.4 10 X X X X X X X X X X X 
278 8B97. 2 13 X X X X X X X 
279 11898 .0 13 X X X X X X X X l 
280 8901.0 10 X X X X X X X X X X l 
281 8901.6 13 X X X X X X X 
282 8903 . 8 10 X X X X X X X X X X X X 
283 8906 . 7 13 I X X X X X X X 
284 8'.107. 2 12 X X X X X X X X X X 
285 8908. 2 12 X X X X X X X X X 
286 8908.5 10 X X X X X X X X X X X w 286.) 8909.0 0 
N 287 8912 .0 10 X X X X X X X X X X X X Vl 
288 89\4.0 13 X X X X X X X X 
289 8917 .o 12 X X X X X X X X X X X X 
290 8923.0 13 X X X X X X X 
291 8924.8 10 X X X X l X X X X X X l X X X 
292 8926.5 13 X X X l X X X X X 
293 8928.0 13 X X X X X X X X 
294 8929.3 12 X X X X X X X X X X X X 
295 8930.0 13 X X X X X X X l l 
296 8930.8 13 X X X X X X X l 
297 8933.6 13 X X X X X X X X X 
298 8935.8 13 X X X X X X X X X 
299 8937. 1 13 X X X X X X l l X 
300 8938.8 9 X X X X X X X X X 
301 8939.2 13 X X X X X X X X X 
302 8939.5 9 X X X X X X X X X 
303 8940.4 13 X X X X X X X X X X l 
304 8941.2 13 X X X l X X 
305 8942.J 0 X 
306 8943.0 12 X X X X X X X X X 
307 8944 .o 13 X X X X X X X X X 
306 6945.5 I) X X X X X X X X X 
309 8946.0 13 X X X X X X X X X X X X X 
310 8949.0 13 X X X X X X X X 
311 8951.8 13 X X X X 
312 895).0 12 X X X X X X X X X X X X X 
313 8955.0 12 X X X X X X X X X X 
Well 793 
Depth f C p I L C N G f B I! B s C B " G s C s A p f C • X G H B B B p s H C L N 11 11 s to 8 0 p 0 I n I i a 0 A • 0 r C r I I i T i r i D • u r y • r • I s r d 0 r t • t • r a 0 I • C Top C <> i ID p t r t l • l • r • h y C C y r C s l 0 r l I r n u L L 0 II C r r " t y t y t d N • l of j i G p e r r h C t g t a C i 0 r r • i r u i l b f i i e • • • r • r D ., r t l y • h u " V • Unit Unit e d Q C l a l 0 i r • r • h n & l l l l i p C 0 C C l t • t • • t d Ir. ' • b " 0 l s s s s s t ::.::..; = = = = = = = = = = = = = = = = = = " = " = .. = = = = .. = = = = = = = = = = Q = 
314 8955.8 13 X X X X X X X 
315 8956.3 12 X X X X X X X X X X 
316 8957 .1 13 X X X X X X X 
317 8958.7 12 X X X X X X X X X X X 
318 8959.0 13 X X X X X X X X 
319 8959.6 13 X X X X X X X X X 
320 8960.B 13 X X X X l X 
32 1 8961.0 13 X X X X X X X X 
322 8961.6 12 X X X X X X X X X X X X X 
323 8964.0 12 X X X X X X X X X 
324 8965 .3 13 X X X X X l X 
325 8967.0 13 X X X X X X X 
326 tl9(>9. 7 9 X X X X X X X 
327 8971.7 13 X X X X X X 
328 8973 .0 12 X X X X X X X X X 





Depth ~ C I' I L C N C p B I! 8 s C B H C s C s A p p C • X C H 8 B 8 p s H C L N H H s 
to a 0 p " I n I i a 0 A a 0 r C r I I i T i r i D e u r y e r • I s r d 0 r t • t • . r • 0 I • C ToJJ C 0 l m p L r [ 1 s 1 .. r a h y C C V r C s 1 0 r 1 g r n u L L 0 II C r r u t y t y t d N • l 
o f l i • p e r r h C L g t a C i 0 r r • i r \I i l b f i i e • • • r • r n V r t 1 y • b " H V • Un1l Un1t ~ J 0 C 1 a I 0 i r a r . h n " 1 1 l l i p C 0 C C l t • t • • t d I< g • b H 0 l s s s s s t ---- ~ = = = = = = = = = = = = = = . ~ = = = = = = = . = = = 2 = 2 = = = = = . = . = s = a a 
I 4300. 0 2 X X 
2 4301 . 3 2 X X 
3 4302.3 2 X X 
4 4102.6 3 X X X 
5 4308.4 2 X l l X 
6 4308.11 s X X X 
7 1,Jl I. 3 2 X X X X 
II 4311. 7 'J. X X 
9 4312.4 2 X X X X X 
10 ,,3 13.0 6 X X l X 
11 43 13. 3 5 X X l X 
12 4314. 2 2 X X X 
13 4316.0 5 X X X X X 
14 43 18.0 5 X X X 
15 4319.0 5 l X X X 
16 4320.~ b X X X X 
17 1, )21.(, 6 X X X X X 
18 4)22 .6 5 X X X X X X 
19 4313 .4 5 X X X X w 
20 4324.0 6 X X X X 
~-.l 
-J 
21 4324.5 6 X X X X X 
22 4325. 5 b X X X X 
2) 4327.0 I X X X X X X 
24 4328.0 6 X X X X X X 
25 4330.0 I X X X X X X X X 
26 4333.0 I X X X X X X X X X l 
27 4334 .5 6 X X X 
28 4335.0 I X X X X X X X X l l X X 
29 4J37. S l X X X X X X X X 
30 4337.7 1 X X X X X X X X 
3 1 4338.0 1 X X X X X X X X X X X 
32 4341 .0 I X X X X X X 
33 4341.'J. l X X X X X X X 
34 4341. S 1 X X X X X X X 
35 4341.9 l X X X X 
36 4342.2 I X X l( X X l( X X X 
37 4345.0 I X X X X X X 
38 4346.5 I X X X X X X X X X X X 
39 4347 . II I X X X X X X 
40 4348.0 I X l( X X l X I( X 
41 '•349 .0 I X X X X X X X X X X 
42 4349.S I X X 
43 4) 4').t! I l( X X X X X 
44 4349.9 4 X 
45 43)3.2 I X X X X X X X X X X 
Well 1059 
Uepch ~· C p I I. C N G F 8 I! B s C B H G s C s " p F C • X G H 8 B B p s H C L N H H s lU 8 ll p 0 I n I i .. 0 " • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • l • r • 0 I • C Tc,v C u j . p l r t l • I • r • h y C C V r C s l 0 r l & r n u L L 0 B C r r u t y t y t d N • 1 ot j i 6 p e r ( h C t g t • C i 0 r r • i r u i l b f i i • • • • r • r n V r t 1 y • h u H V • Unit Un it " d 0 C I • I 0 i . .. r .. h n %. 1 1 1 1 i p C 0 C C l t • t • .. t d k & • b It 0 l s s s s s t !..;:.;.;: = : : = ; . ; : = = : = = : = = = = = = = = = = .. = .. . = .. = = .. = : = = = = .. 
46 ,,3:>3.7 I X X X X X X X X X X X 47 4354. 0 I X X X X X X X X X X 48 4355.8 I X X X X X X X 
49 4356.0 4 X X X X 50 43!>6.4 4 X X X 51 43!>8.7 I X X X X X X X X 52 43!>9.5 I X X X X X X X X 53 4362.0 I X X X X X X X X X I 54 4362.5 I l( X X X X X X X X X X X l 55 4363.0 I X X X X X X X X X 56 4363.4 I X )( X X X X X X X X X X X 57 4365.0 I X X X X X X X I l 58 4366.3 4 X X 59 4)66.4 0 X X X 60 4367 .0 l X X X X X X X X X l X 61 4368.0 I X X X X X X X 62 4368.5 I X X X X X X X X X l X 63 4369.0 I X X X X X w 64 4369.S 6 X X X X I'-' 65 4370.4 6 X X X X vO 66 t.)72, 7 I X X X X l X 67 437) .0 4 X X X 68 4375.0 6 X X X 69 437~. 3 6 I l X 70 4376.0 4 l X X 71 4377 .0 6 X X X X X 72 4379. 5 2 
l X X 73 4380.0 4 X l 74 4380.4 2 l l X 74.5 4381 .0 0 
75 4383.0 5 I I X X 76 4385.0 6 X l X X 77 4386.4 6 X X X X X 78 4386.ll 2 X X 19 4387. 2 3 X X 80 '•387 .5 3 
X 81 4387.7 4 X X X X X I 82 4368.0 2 X l( 
83 4389 . 3 6 X X X X X 84 4390.7 3 X X 85 4391.0 I X X X X X X X 86 4391.4 6 X l X X 87 4391.7 2 X X 86 4392 .5 6 X X X. X 89 4392.7 2 X X 
Well 1059 
Dep<h F C p 1 L C N C p B I! B s C B " C s C s A p p C • X C " 8 B 8 p s " C L N " " s tu " u p 0 I n 1 i 8 0 A • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C ·fop C 0 1 .. p t r t 1 .. 1 .. r • h y C C V r C s 1 0 r l g r D u L L 0 B C r r u t y t y t d N • l of i .. p e r r h C t g t a C i 0 r r • i r u i l b f i i e • • • r • r n V r t l y • h u H V • Uni.c Unit e d 0 C l • I 0 i r 8 r m h n & 1 1 1 1 i p C 0 C C l t • t • • t d I,. I • b " 0 l s s s s s t = = = = = = : = = = = = = = = = = = = = = = = = a = = = = = = = = = .. = 
90 4393.8 6 X X X I 
91 4394.0 4 X X X 
92 4395.5 6 X X X X 
93 4396 .7 1 X X X X X JI. X 
94 4397. 0 4 X X X 
95 4398.) 4 X X X 
96 4)98.7 1 X X X X X X X X 
97 4399.3 4 X X X X 
98 4400.0 4 X X I 
99 4401.0 4 X X X 
100 4403.2 6 X X X X 
101 4403.8 6 X X I 
102 4405.0 4 X X I X X 
103 4405.3 6 X X X X X X 
104 4405.8 4 X I X JI. 
105 4406.2 6 X X X I X 
106 4407 .o 4 X X JI. 
107 4409.4 2 X X 
108 4411. 7 6 X X X X X X X w 
109 4414.0 4 X X X X N 
110 4415.6 4 I X X X · .::> 
Ill 4416 , 1 4 X X X X 
112 44H,.7 6 X X X X I X 
113 4418.5 3 X 
114 4419.9 6 X X X X X I 
115 4423. 6 6 X X X X I X 
116 4426.0 6 X X X I I 
117 4430. 3 6 X X X X X X X X 
118 4430.5 6 X X I X X 
119 4432.0 1 X X X X X X 
120.'5 4433. 0 0 
120 4434.0 I X X X X X X X 
121 4434.5 1 X X X X X X X I X X I 
122 4436.0 I X X X X X X 
123 4436.7 1 X X X X X 
124 4437.0 I X X X X X X X X X X I X X X X X X 
125 4439.0 1 I X X I 
126 4439.7 I X X X I X X 
127 4440.3 I X X X X X X X X X X X X 
128 4442.1 I X X X X X X X X X X X X 
129 4442 .8 1 X X X X X X X I X X I 
130 444).3 I X X X X X X X 
131 4443.8 I X X X X X X X X X 
132 4446.8 I X X X X X X X X X X X 
133 44411. I 1 X X X X X X X X X X X X X X 
Well 10S9 
Dept I, f C p 1 L C N C I' B E B s C B H C s C s A p F C • X C H B B B p s H C L N H H s ro J 0 p 0 I n I i • 0 A a 0 r C r I I i T i r i D a ... r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 ' m p t r t 1 s 1 s r • h y C C V r C s l 0 r l g r n u L L 0 B C r r u t y t y t d N • l o f i ' 6 p e r r h C t 8 t • C i 0 r r • i r u i l b f i i e • • • r e r n V r t 1 y • h u H V • Unic U11i1 ., J 0 C l a I 0 i r 8 r • h n z l l l l i p C 0 C C l t 8 t m .. t d Ir. 8 • b H 0 1 s s s s s t ==-== ; ; = ~ = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
134 4446. 3 I X X X X X X X X X X X X X X 1)5 4449.4 I X X X X X X X 136 4449.5 I X X X X X X X I 
137 4449.7 I X X X X X 
138 4449.9 I X X X X X x· X X X X X 
139 4450.8 ,. X X X X X 
140 4451.1 6 X X X 
141 4451. 5 4 X X X X X X X X 
142 445S.6 6 X X X X I 143 4456 . 7 0 X X X X X l[ 
144 4457 . I I X X X X X X 
14S 44~8. I I X X X X X X I 
146 4459.8 I X X X X X X X X X X X X X 
147 4461.0 I X X X X X X 
148 4464 .0 1 X X X X X X X X X X 
149 4464.J I X X X X X X l[ X 
150 446S.7 6 X X X X X X 
151 4466.0 1 X X X X X X X X X 
152 4467.0 I X X X X \.,.) 15) 4467 .2 I X X X X X X X X X 1..,.) 
154 4470. 5 I X X X X X X X X X X X X X X 8 
155 4472.5 I X X X X X X X X X X X X X X X 
156 4474.9 1 X X X X X X X X X X X X X 
157 4476. 7 I X X X X X X X X X 
158 4477 .o I X X X X X X X X X X X X X 
159 4477. 4 I X X X X X X X X X X X X 
160 4479.0 1 )( X X X X X )( X X X X X 
161 4479.S I X X X X X X X 
162 4479.6 1 X X X X X X X X X X X X 
163 4479.8 I X X X X X X X X X X X 
164 4480.0 I X X X X X X X X X X X X X 
165 4480. 3 I X X X X X X X X 
166 4480. 4 I X X X X X X X X X X X X 
167 4480.6 I X X X X X X X X X X X X X 
168 4481. 7 1 X X X X X X X X X 
169 4482.0 1 X X X X X X X X 
170 4462. 2 I X X X X X X X X X X X 
171 4482.) 1 X X X X X X X X X X 
172 4482.5 1 X X X X X X X X X X 
173 4483.2 I X X X X X X X X X X 
174 448).4 1 X X X X X X X X X 
175 4483.6 1 X X X X X X X X 
176 4483.9 1 X X X X X X X X X X X X 
177.S 4485.0 0 
177 4487 .0 1 X X X X 
Well 1059 
IJo:plh I' C p I L C N C F B E B s C B H C s C s " p p C • X C H B B B p s H C L N H H s 10 .. 0 I' 0 I n 1 i .. 0 " 8 0 r C r I I i T i r i D a u r y e r • I s r d 0 r t a t • r a 0 I • C Top C " i m p t r t 1 • 1 • r • h y C C V r C s 1 0 r l a r n u L L 0 B C r r u t y t y t d N • l ot i " p e r r h C t g t • C i 0 r r a i r u i 1 b f i i e • • a r • r n V r t 1 y • h .. H V • Unit U11.1l " d 0 C l a I 0 j r a r . h n z l 1 1 l i p C 0 C C l t • t • . t d k I • b H 0 l s s s s s t ---- ~ = = = = = = = = = = = = = & = = = = = = = = = = = = = = 
17 ll 441l/. 3 1 X X X X X X X X X X X 
179 4488.5 l X X X X X X X X X X 
180 ,,41!8,o l X X X X X X X X X X 
181 44111:j. I 1 X X X X X X X X X 
182 4489.0 1 X X X X X X X X 
183 441!9.6 1 X X X X X X X X X 
11:14 4490.0 1 X X X X X X X X X 
IIJ5 4490.o 1 X X X X X X X X X 
186 4490 .1! 1 X X X X X X X X X 
1117 44~1 .3 l X X X X X X X X X l 
188 4492 .0 1 X X X X X X X X X 
189 4493.0 I X X X X X X X X X X X X X X X 
190 41196. 7 I X X X X X X X X 
19 1 4496.9 1 X X X X X X X X X X X 
192 4497.~ I X X X X X X X X X X l 
193 4497.8 I X X X X X X X I X I 
194 4498.l l X X X X X X X X X X X 
195 4498.6 1 X X X X X l ._; 
196 4498.8 I X X X X X X X X X X w 
197 4499.0 I X X X X X I X X X t-
198 4~00.0 I X X X X X X X 
199 4~01.6 I X X X X X X 
200 4~0 1. / l X X X X X I X X X X 
201 4501.8 I . X X X X X X X 
202 4501.9 I X X X X X X X X X X X l 
203 4502 .0 I X X X X X X X X 
204 4502.2 1 X X X X X X X l X X X 
205 4502.8 I X X l l l[ l X 
206 4~03. '.l 6 X X l[ 
207 4503. 9 I X X X X X X X X X X X 
208 4504. l I X X X X X X 
209 4504.8 I X X X X X X X X X X X X l l 
210 4~05.2 1 X X X X X X X X X X X 
211 4505.7 I X X X X X X X X l 
212 4501>. l 1 X X X X X X X X X 
213 4506. 7 1 X X X X X X X 
214 4507.4 I X X X X X X X X X X 
215 4508.0 1 X X X X X X X X X X X 
216 450~.i I X X X X X X X X X X 
217 4509. 3 1 X X X X X X X X X X X X X 
218 4510.4 l X X X X X X X X X X X X X X 
119 4510.tl 1 X X X X X X X X X X l 
220 4510.9 1 X X X X X X X X X X X X X 
221 4~ l l ,(I 1 X X X X X X X X X X X X X X X 
222 4514.0 l X X X X X X X X X X 
Well 1059 
Depth F C p I L C N C F 8 I! 8 s C 8 H G s C s A p y C • X C H B B B p s " C L N H H s to a 0 I' 0 I n I i • 0 A a 0 r C r I I i T i r i 0 • u r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 i • p t r t l • l • r • h y C C V r C s l 0 r l g r n u L L 0 B C r r u t y t ~ t d N • l of i i s p e r r h C t g t • C i 0 r r • i r u i l b f i i e • • • r e r n " r t l y • h u H V • Unit Unit e d 0 C l • I 0 i r • r • h n r; 1 l l 1 i p C: 0 C C l t • t • • t d k g • b H 0 l s s s s s t ===== ----- = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
223 4514.1 1 X X X X 
224 4514.) 1 X X X X X X X 




D~pth t· C p I L C N C F a I!: a s C B H C s C s ,. p F C • X C H B B B p s H C L M " " s to a 0 p 0 I n I i a 0 ,. a 0 r C r I I i T i r i D a u r y • r • I s r d 0 r t • t • r • 0 I • C Top (; 0 i • p t r t l • l • r • h 1 C C V r (; s l 0 r l ' r n u L L 0 B C r r u t y t y t d N • l of i i s p • r r h (; t I t • (; i 0 r r • i r u i l b f i i • • • • r • r D V r t l y • h u " V • Unit Unit e d Q C 1 • I 0 i r • r • h n & 1 l l l i p C 0 C C l t • t • • t d k ' • b H 0 l s s s s s t ::==== = = = = = = = " = = = = = = . . = " = " .. = .. = " = = = " = = = = = = = = a " . . . . . 
l 8660.0 10 X X X X X 2 8662.2 10 X X X X X X X X 3 11665 .0 7 X X X X X X 4 B665 .5 11 X X X X X X I 5 8667 .0 11 X X X X X X X X I 6 8669.5 2 X X X X X X I I X 7 8673 .0 10 X X X X X 8 8674.0 10 X X X X X I I X X I 
9 8674.7 I X X X I 
10 8675.5 10 X X X X I X . X 
11 8676.8 10 X X X X X 
12 8671.5 10 X X X X X I 13 8678.0 10 X X X I X X X 14 8681.0 11 X X X X 
15 8681.6 10 X X X X X X I X X I X X 16 B684 . 2 0 X X X X X X X X I X 17 8685.8 11 X X X X X X X X X I I X 18 8687.4 II X X X X I X X w 
19 B6B8 .2 10 X I X I I I I I X l,..) w 20 8689.5 10 1 I I I 
21 8690.2 5 X X X I X X 
22 8691 .1 10 X X I X 
23 8691. 2 11 X X X X X X X X I X 
24 !1691.8 IL X X X X X I X X X X 25 8692.6 10 X I X X X I I 
26 B695 .6 II X X X X X X I l I 
27 8701.0 II X X X X X X X X X 
28 8705.8 0 X X X X I X X X I l 
29 !1706.1 11 X X X X X X I X I 
30 8706.6 4 X X X I X I I X I I I 
3 1 8714.0 11 X X X I l I I I 
32 8715.0 4 I X I I I I I I I I 
33 8720.4 l I X X X 
34 8720.6 7 X X X X X 
35 8720.8 II X X X I X I X I 
36 87 21. 3 9 X X X X X I I X X 
37 B722.0 7 X X X X X I I X X I X l 
38 8722.B 11 X X X X l l I l 
39 11723,3 6 X X I I I X X 
40 6724.0 6 X I X X X 
41 11725 .3 3 X X X X X X X X X X 
42 8729.0 0 X X X X X 
43 ll730.0 2 X I X 
44 8/33.5 9 X X X X X l X X X 
4~ 8740.8 II X X X X X X I I X X X X 
llell 1262 
Depth • C p I L C N C F B E B s C B H C s C s A p p C • X C H B B B p s H C L H H H s to ~ 0 p 0 I n I i a 0 A • 0 r C r I I i T i r i D a u r y e r • I s r d 0 r t • t • r a 0 I • C 1'op C " i m p t r t l • l • r • h y C C V r C s 1 0 r l a r n u L L 0 B C r r u t y t y t d H • l ot i i s p e r r h C t a t a C i 0 r r a i r u i l b f i i e • • • r e r n w r t l y • h u " V • Unit Unit ., d 0 C l • I 0 i r a r • h n :t l l l l i p C 0 C C l t • t • • t d k a • b H 0 l s s s s s t = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = " = = 
46 8142.0 11 X X X X X l X X X l 
47 8745.3 II X X X X X 
48 IH47 .I I I X X l X 
49 8748. 2 11 X X X X X X 
50 8749. 7 II X X X X X X X X X X 
51 8750.9 II X X X 
52 8753.5 II X X X X X X X X 
53 8753.7 II X X X X X X 
54 6755.7 5 X X I I X 
55 8756 . 0 II X X X X X 
56 87~6. 8 11 X X X X X X X X l X X X 
57 tl/58.0 11 X X X X X X X X X X X 
58 8761.0 II X X X X X X X X X I X l 
59 8766. 5 II X X X X X X X X 
60 8770.7 II X X X X X 
61 8171.9 10 X X 
62 8773.5 8 X 
63 8777.3 10 I X X X 
64 8717. 8 8 I X l,.) 
65 8779.5 11 X X I X X 
..,) 
.r:-66 8780.J 10 I X X X X X 
67 8781.0 10 I X X 
68 8782.0 10 I X X I X X 
69 8782.5 10 X X X 
70 8783.0 10 I I X 
71 8784.0 II X X X X X X 
72 8784.4 10 X X X X X X X X 
73 8788.5 11 X . x X X X X X 
74 8789.5 II X X X X X X X I X X X 
75 8792 . 0 7 I l I X l 
76 8793 .0 11 X X X I I I 
77 8794.0 11 X X X X I l 
78 87 96. 2 11 X X X X l l l I X X X 
79 8797 . 7 II X l X X 
80 8802.0 II X X X X I X X X 
81 11802.2 6 l X 
82 8802.6 II X X X X X X X X l X X X X 
83 11808.0 10 X I X 
84 8808.4 JO X X X 
85 8808.8 10 l X 
86 8809 .0 11 X X X X X X X X X X X 
87 8812. 5 11 X X X X X X 
II& 8814.6· 11 X X X X X X X X X X X X X 
119 1181/. 2 11 X X X X X X l X X 
90 Hlll7. 4 11 X X X X X 
11. 11 126 2 
llepth f' C p 1 L C N G F B ! B s C B " G s C s A p I.' C • X G " B B B p s " C L N " " s to a 0 p 0 I n l i a 0 A • 0 r C r I I i T i r i D • u r 1 • r • I s r d 0 r t • t • r • 0 I • C Top C 0 i m p t r t l " 1 • r • h y C C V r C s 1 0 r l g r n u L L 0 B C r r u t 1 t y t d N • 1 of i i " p e r r h C t 8 t • C i 0 r r • i r u i 1 b t i i • • • • r • r n V r t 1 y • b u H V • Unit Unit e d 0 C l • I 0 i r • r • h n :t l 1 1 l i p C 0 C C 1 t • t • • t d k g • b " 0 l s s s s s t = = = = = = = = = = = = = = = .. = = = = = = .. = = = = = = = = = = " . . . . .. = . a .. a 
91 8818.0 II X X )( X X X X X X X 
92 881':l.5 11 X X X X X X X 
93 8821.0 11 X X X X X X 
94 8825.0 II X X X X X X I[ 
95 8826.0 II X X I[ X X 
96 8&27.0 II X X X X X X X 
97 8828.0 11 X X X l X X X 
98 8829.0 II X X X X X X X 
99 8831.5 II X X X X X 
100 8832.8 11 X X X X X X 
101 81l33.ll II X X X X X l X X X X 
102 8837.0 11 X X X X X X X X X 
103 8838.5 I I X X X X X X X X X X 
104 ll8)8.9 II X X X X X X X X X X X 
105 8842.) 11 X X X X X X X X X X X X X 
106 8841,. 7 11 X X X )( X X X X X X X X 
107 8848.0 II X X X X X X X X X X 
108 8848.8 II X X X X X X X X X 
109 8850 . 7 11 X X X X X X l X l,..) 
110 8852.0 11 X X X X X X X X X w V, 11 1 8853 . 5 2 X X X X X X I 
112 8853.6 11 X X X X X X X X X X 
113 8854.8 II X X X X X X X X X X 
114 8855.5 11 X X X X X X X X X X X X 
115 8860 . ~ 11 X X X X X X X 
116 8861. 5 5 X X X 
11 7 8863 . 5 11 X X X X X 
118 8864.5 11 X X X X X X X X X X X 
119 8867.0 I I X X X 
120 8868 . ) 11 )( X )( X X X X 
121 8869.1 11 )( X X X X X X X 
122 8872.0 11 X X X X X X X X X X 
123 8873.0 11 X X X X X X X 
124 8876.0 11 X X X X X X X 
125 8881.0 11 X X X X X X X X X X 
126 8886.0 10 X X X 
127 8888.0 I X X X X X X X X X X 
128 8890. ) 7 X X X X 
129.5 8892 . 0 0 
129 8896.(l 7 X X X X 
130 8899.7 7 X X X X 
131 8906 .9 7 X X X 
132 8911 .0 7 X X X X X 
133 8915.0 4 X X X X X X X X X X I 
134 89 lll. 2 4 X X X X X 
Well 1262 
Dept I, F C p 1 L C N C F B E B s C B " C s C s A p F C • X C 11 B B B p s " C L N " " s to il 0 I' 0 I n I i • 0 A a 0 r C r I I i T i r i D a u r y e r • I s r d 0 C t a t a r a 0 I • C 
Top C " i Ill p t r t 1 G l • r a h y C C V r C s l 0 r l g C n u L L 0 B C C r u t y t y t d N • l at l i G p e r r h C t g t • C i 0 r r • i r u i l b f i i e • • • r e r n V r t l y • h u " V • Unit Unit C J " C 1 • I 0 i C • r • h n & l l l l i p C D C C l t • t • • t d k g • b " 0 1 s s s s s t = : = = = : = 
135 8926.J 1 X X X X X X X 
136 893S. 5 I X X X 
13 7 8938.0 7 X X X X X 
138 11942.0 1 X X X 
139 8943. 5 4 X X X X X 
140 8945 .8 10 X X X X X 
141 8948. 2 1 X X 
142 8951 . 0 6 X X X X X l 
143 8952.5 D X l X X X 
144 8954. 5 1 X X X 
145 8957.5 9 X X X X X X X 
146 11~59.0 6 X X X X X 
147 8960 . 7 4 X X X l X X 
148 8962.4 4 X X X X X X X X 
149 8965.9 1 X X 
150 8966.3 I X X X X X X X X X X X 
151 8969. 7 7 X X X 
152 8971 . 2 6 X X X X X 
153 8972 . 5 1 X X X l X X w 
154 8974.9 1 X X X X X l X X ·~) 
155 8976.0 4 X X X X X X CJ\ 
156 8977 . 3 1 X X X X 
157 8978.0 II X X X X X X X X X X 
158 8960.0 4 X X X X X l X X X X X 
159 8983. 7 2 X X X X X 
160 8984.9 I X X X X X X X X X 
161 8986 .7 J X X X 
162 898/.7 2 X X X X X 
163 11989.S 7 X X X X X 
164 8998.lj , X X X X 
165 9008.0 1 X X X X X 
166 9008.7 3 X X • X X X X X X 
167 9010.3 2 X X X X X X X 
168 9012.0 1 X X X X X 
169 9015.3 9 X X X X X X 
170 9018.8 9 X X X X X X 
171 9020.0 2 X X X X X X X 
17 2 9026.0 9 X X X X X X X X X X X 
173 9026 . 6 4 X X X X X X X 
174 9027.4 4 X X X X X X X X 
17 5 9031.7 4 X X l( X X X X 
176 90)2.8 4 X X X X X X X X X 
177 9035.(J 2 X X X X X X 
118 9036. S 2 X X X X X X X X 
179 9040.5 I X X X X 
Well 1262 
llo,plh F C I' I L C N C F 8 E 8 s C 8 H C s C s " p F C • X C H 8 8 8 p s H C L N H H s lO .. 0 I' " I n I i a 0 " • 0 C C C I I i T i r i D • u C y e r • I s r d 0 C t • t • r • 0 I • C Top C 0 1 ID p [ r [ l 8 l .. r • h y C C V r C s 1 0 r 1 g r n u L L 0 8 C C r u t y t y t d N • 1 of i i " p e r r h C t g [ • C i 0 r r • i r u i 1 b f i i e " a 8 r e r n " r t l y • b u H V • Unit Unil e d 0 C l a I 0 i r • C • b n :t 1 l l 1 i p C 0 C C 1 t 8 t • • t d k g • b H 0 l s s s s s t ----- -' = = = = " = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
180 904),5 9 X X X X X 
181 9044.0 4 X X X X X X X 182 9044 . 5 I X X X X X X X X 183 904).0 4 X X X X X X X 184 '1046.0 9 X X X X X X X X 
185 904~.7 l X X X X 186 9050.8 I X X X X X X X 187 9052.8 9 X X X X 
188 90)3.0 4 X X X l X l X 
169 9057.J 1 X X X X X X l X 190 9068.0 1 X X X X l X X X X 191 9070.5 3 X l X X X X X l X 192 9071.0 3 X X X X X X X X X X 193 9074.0 3 X X X X X X X X X X 
194 9076.3 3 X X l X .x X X X X X l X X 
195 9083.3 3 X X X X X X X l X X X X 
196 9086.0 J X X X X X X X X 197 9086.3 3 X l X X X X X X l 
198 9086.9 3 l X X X X l X w 199 9087.6 3 X X X l X X X X w 
-..J 200 9089.6 ) X X X X X X X X X 
201 9092.8 1 l X X X X X X 202 9093.3 3 X X X X X X X X X l l 
203 9095 .5 I X X X X X X l 
204 9097 .8 4 X X X X X X l 
205 9101.3 3 X l X l X l X X l 
206 9102.7 3 l l X X X X X l X X 
207 9105.8 l X X X X X X X 
208 9110. 1 I X X X X X X X 
209 9113.5 2 X X X X l X 
210 9115.0 3 X X X X X X X X 
21 1 9117.0 3 X X X X X X X 
212 9118.1 l X X X X X X 
213 9 119 .4 I X X X X X X X X 
214 9121.0 3 X X X X X X X X X X X X 
215 9128 . 3 7 X X X X X X 
216 9110.8 I X X X l 
217 9133.5 4 X X X X X X X X l 
218 9140.5 I X X X X X X X 
219 9143.0 2 X X X X X X 
220 9146.0 4 X X X X X X X X X 
22 1 9 149.2 4 X X X X X X X 
222 9 150.6 9 X X X X X X 
223 9 15 1.6 9 X X X X X 
224 9 156.7 9 X X X X X X 
Well 1262 
Depth t· C p I L C N C F B t 8 s C B H C s C s A p l' C • X G K 8 8 8 l' s K C L N K K s to a 0 p 0 I n I i a 0 A a 0 r C r I I i T i r i 0 a .. r y .. r • I s r d 0 r t • t • r • 0 I • C Top C 0 i • p t r t l 8 l • r a h y C C V r C s 1 0 r l g r n .. L L 0 8 C r r u t y t y t d N • l of i i • p e r r h C t g t a C i 0 r r • i r .. i 1 b f i i e • • • r e r n V r t 1 y • b .. H V • Unh Unit e d 0 C l • I 0 i r a r • h n z 1 1 1 l i p C 0 C C 1 t • t • • t d It g • b K 0 1 s s s s s t ===== =::=== = = = = = = = = = = = = = = = = = = = = = = = = = = = = = " = = = = = = = = " " = = = .. 
225 9159 . 1 2 X X X X X X 226 9160.4 1 X X X X X 227 9160.8 9 X X X X X 228 9160.9 9 X X X X X X 229 9161.6 9 X X X X X X X X 230 9162.0 9 X X X X X X 231 9162.5 3 X X X X X X 232 9163 .0 2 X X X X X 233 9163.8 I X X X X X X X X 234 9166.9 9 X X X X X X 
235 9168.5 9 X X X X X X X 236 9113.0 9 X X X X X X 
237 9175 .9 9 X X X X X X 





D~pth F C p I L C N C I' B E 8 s C B " C s C s A p p C • X C " B B 8 p s " C L N " " s to a 0 p 0 I n I i a 0 A • 0 r C r I I i T i r i D a u r y e r • I s r d 0 r t • t • r • 0 I • C Tup C 0 i .. p t r t l a l • r • h y C C V r C s l 0 r l g r n u L L 0 B C r r u t y t y t d N • l of i i • p e r r h C t 8 t • C i 0 r r • i r u i l b t i i " • • • r • r n V r t 1 y • h u H V • Unit Unit ~ J 0 C l • I 0 i r a r • h n ,. l l l l i p C 0 C C l t • t • • t d It 8 • b H 0 1 s s s s s t ====:. ::.;;=-== = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = " = = " .. = 
I 3856.0 6 X X X X X 2 3857.0 4 X X X X X 3 31158 . 5 4 X X X X X X X X 4 3860.4 I X X X X X X X X X X X 5 3861. 2 4 X X X X X X X 6 3861.5 3 X X X X X X X 7 38bl. 7 5 X X X X X X X X 8 3863.2 5 X X X 
9 3863.4 5 X X X X X X 10 3863.7 6 X X X X 11 3864.11 6 X X X X X X X 12 386c,.~ 6 X X X X X X X X 13 3867.4 6 X X X X X 14 3868 . 8 6 X X X X X 15 3869 . 3 I X X X X X X X X X X X X X 16 3870.5 3 )( X X X X 17 3870.8 I X X X X X X X X X X X X X 18 3871.6 6 X X X X X X 19 3873.5 6 X X X X X X w w 20 3874,5 6 X X X l '° ii 3876. 4 6 X X X X X 22 3879.2 0 X X X X X X 23 3879.6 2 X X X X X X X X X X X 24 3879.8 2 X X X X X X X 
25 3880.0 2 X X X X X X X X X X 26 3880.8 2 X X X X X X X X 
27 3881 .2 I X X X X X X X X X X 28 3881.8 I X X X X X X X 
29 3882 . 2 I X X X X X X X 
30 3882.6 I X X X 
31 3883.5 1 X X X X X X X X 
32 3884.5 I X X X X I ,c X X X X X X 
33 3884.8 I X X X X X X X 34 3885 .o 4 X X X X X X X X X X X 
35 38115.2 I X X X X X X X X X X X 
36 3888.1 I )( X X X X X X X X X X X 
37 3889.2 I X X X X X X X X X X X X X 
38 3890.6 I X X X X X X X X X 
39 3891 . 0 I X X X X X X X X X X X X 
40 3891.3 1 X X X X X X X X X X X X X 41 38\12.4 1 X X X X X X X X X X X X X 
42 3893.3 1 X X X X X X X X X X X X X X 
43 3895:5 I X X X X X X X X X X 
44 3897.3 1 X )( X X X X X X X X 
45 31199.0 1 X X X X X X X X X X X 
llell 4208 
llP.JHh •• C p I L C N G F B E B s C 8 " G s C s A p F C • X G H B 8 8 p s H C L N " " s "' a 0 p 0 I II I i a 0 A a 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Top ~ u i II p t r l l • l • r a h y C C V r C s l 0 r l 8 r n u L L 0 8 C r r u t y t y t d Ii • l of j i ~ p e r r h C t g l a C i 0 r r • i r u i l b f i i e • • • r e r n w r t l y • h u H V • U1lit Unit e d 0 C I a I 0 i r a r II h n % l l l l i p C 0 C C l t • t • • t d k 8 • b K 0 l s s s s s t -- -- --- = - = " = = = = = = = = = = = = = 3 = = = = = = = = = = = = = = = = 
46 3900.7 I X X X X X X X X X X X X 
47 390 1.9 I X X X X X X X X X X X 48 3902.3 I X X X X X X X X X X X 
49 3902 .5 I X X X X X X X X X X X X 
50 3903.3 I X X X X X lt X X X X X )I 3903.4 I X X X X X X X X 
52 3903.ll 2 X X X X X X X 
)3 3904.0 2 X X X X X X 
54 3904 .1 I X X X X X X X X X X 
55 3906.2 I X X X X X X X X X X 
56 3900.B I X X X X X X X X X X 
57 3907.0 1 X X X X X X X X X X l 
58 3907. I I X X X X X X X X X X X X X X 
59 3907.5 I X X X X X X X X X X X 
59.S 3908.0 0 
60 391/ .0 I X X X l X X X 
61 3917 .2 4 X X X X X X X X X X 
62 3917.7 4 X X X X X X X X 
o3 3919.0 4 X X X X X X X X X X X X \,..) 
64 3920.0 I X X X X X X X X X X X .c-
6S 3920.~ 2 X X X l X l l X ...) 
66 3922.1 2 X X X X X X X X X X 
67 3924.o 4 X X X X X X X X 
68 3925.7 4 X X X X X X X X X 
69 3927 . 5 4 X X X X X X X X X 
70 3928.4 4 X X X X X X X X X 
71 )931.0 4 X X X X X X X X X X X 
72 3931.3 4 X X X X X X X X X X 
73 3933 .0 4 X X X X X X X 
74 3934.0 4 X X X X X X X X X X X 
75 3935.5 4 X X X X X X X X X X 
76 3936.2 4 X X X X X X X 
77 J936.7 4 X X X X l X X X 
78 3937.2 I X X X X X X X X X X 
79 39)7.9 3 X X X X X X X X 
80 3938.0 3 l( )( X X )( X X X X 
81 3938.1 3 X X X X X X X 
82 3931!.2 s I X 
83 3911!.3 J X X X X X X X X 
84 393ij.5 3 X X X X X X X X 
85 3938.b 3 X X X X X X X X X X X 
86 3938.ij 6 X X X 
117 3938.9 4 X X X X X X X X X X X X 
88 3939.(> t, X X X X X X X X X X 
89 3940.11 3 X X X X X X X X X 
lldl 4208 
Depth F C p 1 L C N C F 8 £ 8 s C B H C s C s A p F C • X C H B B B p s H C L N K H s to 8 0 p 0 I n I i 8 0 A a 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 i m p t r t l s l • r • h y C C V r C s 1 0 r 1 g r D u L L 0 B C r r u t y t y t d N • 1 of i i • p e r r h C t 8 t • C i 0 r r • i r u i l b f i i e • • • r e r D .. r t l y • b u K V • Unit Unit e d 0 C l • I 0 i r 8 r • h n :t l l 1 l i p C 0 C C l t • t • • t d Ir. 8 • b H 0 l s s s s s t :;:;..;: ----- = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
90 3941.~ 3 X X X X X X X X X X 
91 3942.5 3 X X X X X X X X X X X X X 92 3945.2 1 X X X X X X X X X X X X X 93 3947.0 4 X X X X X X X X X X X 94 3950.0 4 X X X X X X X X X X 
95 3951. 9 4 X X X X X X X X 96 3952.4 4 X X X X X X X X X X 
97 39S3.t> 4 X )( X X X X X X X 98 3954.9 4 l( l( X X X X X X 
99 3955.6 4 X X X X X X X X 100 3956.0 4 X X X X X X 
101 l9S6.S 6 X X X X X X 
102 3957.0 b X X X X X 
103 39511.0 5 X X X 
104 3958.5 5 X X X X I I I X I 
105 3959.0 5 I X X X X 
106 3959.4 5 X X X X 
107 3959.9 5 X X X X w 108 3960.0 5 X X X X X X !::-. 
3960.8 5 X X X X x X X X , ... 109 
110 3961.5 6 X X X X 
111 3962.0 0 X X 
Well 4252 
Depth t' C p l L C N G I' B E B s C B K G s C s A p F C • X G H B B B p s K ~ L N K H s to " 0 p 0 I n I i • 0 A .. 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C 1'c,p C 0 i .. p ( r t 1 s l • r • h y C C V r C s l 0 r l g r n u L L 0 B C r r u t y t y t d N • 1 of j i 6 p e r r h C ( 8 t • C i 0 r r • i r u i l b f i i e • a • r e r n V r ( l y • b u K V • Unit Unit .. d 0 C 1 • I 0 i r • r • h n " 1 1 1 1 i p C 0 C C l t • ( • • t d k g • b K 0 l s s s s s t ==•=::::: :::.:::. :.= .. = = = = = = = - = = = = = = = = = = = = = = = = = = = = 
1 3592.0 3 X X X X X X X X X X X 
2 35\12.6 3 X X X X X X X X X X X X 
3 3593. 3 3 X X X X X 
4 3594.0 3 X X X X X 
5 3~95.0 l X X X X 
6 359b.O I X X )( 
1 3)9/.3 4 X 
8 3597 .ti I X X X X X 
9 )598.6 4 X X X 
10 3598.8 I X X X X 
11 3598.9 I X X X X 
12 3599.5 I X X X X 
13 3600.3 I X X X X X 
14 3600.9 1 X X X X 
15 3601.6 I X X X X 
16 3602.0 1 X X X X 
17 3603.5 5 X X 
18 3605.) I X X X X 
19 3606.0 5 X X \,,) 
--1> 20 3607.0 l X X X X j..) 
21 3607 .3 5 X X X 
22 3607. 7 5 X X X 
23 3607.9 5 X X X 
24 3608.4 I X X X X X X 
25 3609.0 I X X X X 
26 3609.4 1 X X X X X 
27 3610.1 5 X 
28 3611.1 1 X X X X 
29 3611. 7 I X X X X 
30 36 11. 9 2 X X X X 
31 3012.0 1 X X X X X X 
32 3614.0 I X X X X 1( 
33 3614.6 I X X X X X 
34 3615.9 4 X X X X X X 
35 3616.4 I X X X X 
36 3616.5 I 1( X X X X 
37 3616.7 I X X X X X X X 1( 
38 3617 .3 1 X X X X X X X 
39 3bl7.b I X X X X X X X 
40 3619.0 1 X X X X X X X 
41 )620 .1 3 X X X X X X 
42 3621. 5 3 X 1( X X X X X 
43 3b22.4 3 X X X X X X X X X 
44 3624.0 1 X X X X 
45 3627 .) 4 X 
Well 4252 
lh: pll1 f C ~ I L C N C p I! E 8 s C B H C s C s A p p C • X C H B II B p s H C L N H H s 
'" J 0 p 0 I n I i 8 0 A a 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 i m p t r t 1 s 1 s r a h y C C V r C s l 0 r 1 g r n u L L 0 B C r r u t y t y t d N • l of i i • p e r r h C t g t 8 C i 0 r r • i r u i l b f i i e • • • r e r n V r t l y • h u H V • Unit Unil C J (J C 1 a I 0 i r • r • h n ~ l 1 l l i p C 0 C C l t • t • • t d k I • b H 0 l s s s s s t ===== :.:.:. ... .:. : : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
46 3627. 7 I X X X 
47 )628 . ~ I X X X X X X l 
48 3629 .5 2 X X X X X X 
49 3630.1 I X X X X X X 
50 3630.b 2 X X X X 
51 3631.) I X X X X X X X 
52 3631.9 I X I X I I 
53 3632.4 2 X X X X X l X X X X 
54 3b33.6 3 X X X X X X X X X X X 
55 3634.b ) X X X X X X X X X X 
56 3b)7 . ·1 3 X X X X X 
57 3631.'i 3 X X X X X X l X 
58 3638 .5 3 X X X X X X X X X X X X 
59 3640.5 3 X X X X X X X X X X 
60 3641.'+ ) X X X l X X X 
6 1 3641.b ) X X X X X X X X X X 
62 3645.0 4 X X 
63 3650.5 3 X X X X X l 
64 365 1.4 2 X X X l X X w 
65 3b51.8 l I X X X l +' 
66 l6SJ.O 1 X X X X w 
67 3654.9 3 X X X X X X X l 
68 3655.8 2 X X X X X X X X 
69 3657.9 2 X X X l X X X X 
70 3659.0 4 X X X X l l X X 
71 3668.3 3 X X X X l X X I l 
72 3668.7 2 X X X X X X I l 
73 3669.5 I X X l l 
74 3670.5 l l l X X 
75 367 2. 7 5 l I X 
76 )b75.2 5 X X X 
77 3676.7 5 X X X X 
78 3677. 5 5 I X 
79 367 8. 2 4 l l X X 
80 3679. 2 I l X 
81 3680.0 5 X l l X X 
82 3682 .0 I X I I 
83 3682. 3 4 X 
84 3682.5 4 X 
85 3682 .8 4 X X X 
86 )684 .0 I X X I X X I 
tl7 3684. 3 3 X X X 
88 3685.o 2 X X I X I X l l X X 
89 36&6.4 I X X X 
90 3686.6 2 X X X X X 
Well 4252 
Dep t I, ~- C p I L C N C F B E B s C B H C s C s A l' I' C • X C H B B B p s H C L N H H s t o • 0 I' 0 I I\ J i a 0 A a 0 r C r I I i T i r i 0 • u r y e r • I s r d 0 r t a t • r • 0 I • C Top C 0 i .. p t r l 1 G l • r a h y C C V r C s l 0 r l g r n u L L 0 B C r r u t y t y t d N • l <, t i i 6 p e r r h C t g t • C i 0 r r • i r u i l b f i i e • • • r e r D " r t l y • h u H V • Unit Unit e d " C l 8 I 0 i r a r .. h n z l l l l i p C 0 C C l t • t • • t d k g • b H 0 1 s s s s s t ===== :.=;;;.:: = = ~ = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 2 = 
91 3686.9 2 X X X X X I 
92 3687. 2 2 I X X X X I X 
93 3688.9 1 X I X X 
94 3696.0 1 X l X X X I 
95 3697.0 2 X X l X 
96 3699 .4 I X X X 
97 3699 . 7 2 X X X X X. 
98 3100. 1 2 X X X X X X X 
99 3700.9 2 X X X X X 
100 3102 . 0 I X X X 
10 1 3702 . 4 2 X I X X X 
102 3702.8 I X X X X X X X 
103 3704 . 2 2 X X X X X X 
104 370).2 1 X X X X X X 
105 3706.8 I X X X X X X l X 
106 3101.1 2 X X X X X X X 
107 3708.0 2 X X X X 
108 3708.6 2 X X X 
109 3710 . 0 2 X X X X X w 110 3711. 3 1 X X X X .I:' 
111 )7 12. 0 2 X X X .i;, 
I/ell 6217 
Deptl1 r C p I L C N C F 8 £ 8 s C 8 H C s C s ,. p F C • X C H 8 8 8 p s H C L N H " s t o u 0 p 0 I n I i • 0 ,. • 0 r C r I I i T i r i 0 • u r y e r .. I s r d 0 r t • t • r • 0 I • C Top C 0 1 .. p t r t 1 B I • r a h y C C V r C s 1 0 r l a r n u L L 0 8 C r r u t y t y t d N • 1 ot i i s p e r r h C t g t • C i 0 r r • i r u i 1 b f i i e • • a r e r D V r t 1 y • h u H V • Unil Unil C ,1 0 C l .. I 0 i r • r • h n % l l l l i p C 0 C C 1 t • t • • t d k B • b H 0 1 s s s s s t ::::==- ~ = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = .. = = = = " .. = = 
l 9664.0 JO X X X X 
2 9665.2 10 X X X X 
3 9666.2 9 X X I 
4 9666.4 JO X I I X I X 
5 9666.9 10 X X X X X X I X 
6 9667. I 10 X X X 
7 961;/. 6 9 I X X X 
a 9667.8 10 X X I X X X X 
9 9668.9 10 X X X X X 
10 9670.1 9 X I 
11 9670./ 9 I X 
12 9671.9 II X X X X X X X X 
13 96/2.8 9 X X 
14 9673.3 II X I X 
15 9673.4 9 I 
16 9673 . 5 11 X X X X X 
17 9673.7 13 X X X I X I 
18 9674.0 13 X X X ..., 
19 9675.2 9 X X X X .i., 
20 9676.7 9 I VI 
21 9678.5 13 X X X I I 
22 9679.9 JO X X X X X X I 
23 9680.6 13 X I I X 
24 96111.6 13 X X X X X 
25 9683.0 12 X X l I X I X X 
26 9685. 2 13 X l I I X I 
27 9685.5 4 X X l l l l l X X 
28 91>86.0 11 X X X X I X 
29 9687. l 11 X X X I I I X I 
30 9681!.4 4 X I X X X I X X X 
31 9b88. 9 13 I X X 
32 9689.9 9 I X X X 
33 9692.8 9 l X 
34 9694. I 12 l X l l X l X 
n 9696.5 13 X l X 
36 9696. 7 12 X X l X X 
37 9697.3 12 X X X X X X 
38 9697.7 12 X X X X X X 
39 9696 . 1 11 X l l X X X 
40 9698.3 9 X X X 
41 9691! . 6 9 X 
42 9700 . 4 11 X X X X X X 
43 9700 .7 JO X X X 
44 9701.4 JO X l X 
45 9701.9 9 X X X 
Well 6217 
flepth t' C p l L C N G l' 8 I!: B s C B " G s C s ,. p l' C • X C " B B B p s " C L N H H s to 0 p 0 I n I i 8 0 A 8 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Tu~ ~ u l .. p C r l I • l 8 r • h y C C V r C s l 0 r 1 g r D u L L 0 B C r r u t y t y t d N • l ot I • p e r r h C t g t a C i 0 r r a i r u i l b f i i e • • • r • r n .. r t l y • h u H V • Unjt Unil " ,t Q C l • I 0 i r 8 r • h n :r. 1 l l l i p C 0 C C l t • t • • t d k g • b H 0 l s s s s s t ==-:.;.. :;..;..::; __ ~ = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
46 9704./ II X X X X X 
47 9704.9 10 X X X X 
48 970~.2 I) X X X X X 
49 9708.0 10 I X X I 
50 970t!. 9 10 X X X 
51 9709.2 10 X X X X 
52 9709 . l> 1J X X X X X 
53 9711. 5 11 X X X X X 
54 9712. / 11 X X X X I l 
55 9712.& II) X X X I 
~6 9713. 0 9 X X 
57 9/J 3.1 u X X X X 
~8 9/15.3 10 I X X 
59 'l717.5 9 I X X 
60 97llj. I 10 I X I 
61 9718.8 10 I I I I I 
62 971~.o 10 X X X I I 
63 9719.5 9 I X w 
64 9722.4 10 I X X X X .i::--
65 972).1 9 X I °' 66 9725.9 9 X I X 
67 9727.9 13 I I I I 
68 9729.8 10 I I X I X 
69 9732.0 9. I 
70 9733. I 10 I I I I I 
71 9733 .9 13 X X X I X X 
72 9734.) 13 X I X 
73 9715.4 2 X X X X X I X X X I 
74 9735 . 8 13 X X X I I 
75 9735.9 2 X X X X X X X X I X X X I 
76 9737.2 10 X I l I X 
77 9738.8 10 I X X X I X X 
78 9740.) II X X X X X X X 
79 9740.9 10 X X X X I I 
80 9741.0 4 X I X X X X X I 
81 9741.4 10 I X X X X 
82 97 41. IJ l X X X X X X X X X X 
83 974).1 9 X X X 
84 9/44.4 10 I X X 
8) 9745.3 13 X X X X I X 
86 9745./ ) X X X X X X X 
87 9747.4 10 X X X X I X X X 
88 9747.9 4 X X X X X X X X X X 
89 9741!.5 ) X X X X X I I X X X X 
90 ~749.0 ) X X X X X X X X X X 
llell 6217 
Depth F C p I L C N C F B E B s C B " G s C s A p ' C • X C " B B 8 p s " C L N " " s to 8 0 p 0 I n I i .. 0 A .. 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 i • p t r t 1 • 1 • r • h y C C V r C s 1 0 r 1 I r n u L L 0 8 C r r u t y t y t d N • 1 of i i • p " r r h C t 8 t • C i 0 r r • i r u i l b f i i • • • • r e r n V r t 1 y • b u " V • Unit Unit e d 0 C 1 • I 0 i r • r • h n z 1 1 1 1 i p C 0 C C l t • t • • t d It I • b " 0 1 s s s s s t = = = = = = = = = = = = = = = = = = = = = = = = K r .. .. .. = . . . .. 
91 9750.1 3 X X X X X X X 
92 9751. 5 ) X X X X X X X X X X X X X 
93 9752.8 l X X X X X X X X X X X X X 
94 9753.) l X X X X X X X X X 
95 9754.9 1 X X X X X X X X 
96 9755.1 ) X X X X X X X X l 
97 9756.0 3 X X X X X X X X X X X 
98 9757.0 10 X X X X X X X X X 
99 9758.2 3 X X X X X X X X X I 
100 9758.8 2 X X X X X X X X X 
101 9759.4 3 X X X X X X X X I 
102 971>0.8 3 X X X X X X X I X I 
103 9762.2 10 X X X X 
104 9763.) 3 X X X X X X X X X 
105 9764.5 ) X X X X X X I 
106 9764. 7 13 X X X X 
107 9766.l ) X X X X X X X X X 
108 9766.9 ) X X X l X X X X w 
109 9767. 2 3 X X X X X I X $:-
110 9767.8 3 X X X X l X X -.J 
111 9768.6 9 X I l X 
112 9768.8 ) X X X X X X X X X X 
11) 9770.0 ) X X X X X I X X X X 
114 9770.4 2 X X X X X X X X X X ll ll 
115 9771.0 2 X X X I X I X X X 
116 9771.5 ) X X X I X X X I I I 
117 9772.1 3 X X X X X X I X X I 
118 9773.5 2 X X X X l X X X X X 
119 9774.5 ) X X X X X X l X l X l X X X X X X I 
120 9775.0 0 X X X X X X X X X X X X X X I 
121 9776.0 1 X l( X X X X X X X X X ll 
122 9777 .o I l( X X X X X X X X X X X X X X I 
12) 9777. 7 I X X X X X X X X X X X X X l 
124 9778.3 1 X X X X X X X X X X X X X X 
125 97110.0 2 X X X X X X X X X X X 
126 9780.5 2 X X X X X X X X X 
127 9781. 4 l X X X X l X X X 
128 9782.1 l X X X X X X X X X X 
129 9782.8 I X X X X X X X X X X 
130 978).) 1 X X X X X X X X X X X 
131 9783.8 1 X X X X X X X X X X X l 
132 9765.0 I X X X X X X X X X 
133 9785.8 I X X X X X X X X X 
134 9787 .o l X X X X X X X X X X X X X 
135 9787.6 1 X X X X X X l X X X X 
Well 6217 
Deptl, f C p I L C N G F B E B s C II H C s C s A p F C • X C H B 8 B p s H C L N H H s to a 0 p 0 I n ( i a 0 A a 0 r C: r I I i T i r i D a u r y e r • I s r d 0 r t • t • r • 0 I • C Top C " i .. p t r t l • 1 ,, r • h y C C V r C: s l 0 r l g r n u L L 0 8 C r r u t y t y t d N • l of i i 6 p e r [ h C: t g t • C: i 0 r r • i r u i 1 b f i i e • a • r • r n V r t l y • h u H V • Un.it Unit " J 0 C l .. I 0 i r • r • h n "' l l l 1 i p C 0 C C 1 t • t • • t d k g • b H 0 1 s s s s s t ;;.: ....... ~ = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
136 978'1.) I X X X X X X X X X l[ 
137 9789 . 7 I X X X X X X X X l[ 
138 9790 . 5 I X X X X X X l[ X X X X 
139 9791 . 6 6 X X X l[ X X 
140 9792 . 0 1 X X X X X X X X 
14 l 979). 1 1 X X X X X X X X X X X l[ 
142 9795 . 2 6 X X X X X X X l[ 
143 9796. B 6 X X X l[ X X 
144 9798.~ 5 X X X 
145 9799. I 10 I[ X 
146 9799.5 4 X I[ X X X 
147 980 1. 9 10 I X X 
148 91!02.6 4 X I[ X X I[ X 
149 9603 . S 0 X l( 
150 9803.6 4 X X X X X X l[ 
151 9804.5 4 X X X X X X X X 
152 9806 . 8 4 X X X X X X 
153 9807.5 13 X X X X w 154 9807 .7 4 I X X X X X +' 
155 981 1. 5 4 l[ l[ I l[ ex:> 
156 9812. 4 4 I[ X X X X X X X l[ l[ l[ 
157 981) . 7 4 X X X l[ l[ l[ I 
158 9816.4 4 I[ X X X X X X 
159 98 17. / 4 l[ I I l[ I I 
160 9819 . 5 4 X X X l[ l[ I l[ X X 
16 1 9823 . 5 4 X l[ X X l l X 
162 9824.4 4 X l[ X X I[ l 
163 9824 . 9 4 X l[ X X X I X 
164 9826.5 4 l[ l[ l[ X l[ l[ 
165 9829.1 4 X I[ X X l[ I[ l[ X l[ I[ X 
166 9829.8 4 X l[ X 
167 9832 . o 4 l[ X X X I X X X l[ 
168 9834.5 5 X X X X l[ X X X X X X l[ 
lb9 9842. 0 4 l[ X X X X X l[ 
170 9842.6 5 l[ X l[ l[ X X 
17 1 9845.7 4 l[ X X X X 
17 2 98'•8. S I X X X X l[ l[ l[ X X X 
173 9852.0 6 l[ l[ X X X X X 
174 9852.6 6 X X X X X X X 
17~ 9857. I 8 X X X X X X X X X X X l[ X X l[ 
176 9859.8 7 X X X X X X X l[ X 
17 / 9862 . 7 8 X X X X l[ X X X X X 
178 9863.4 6 X X X X X 
179 9&66.0 6 X X X X X X X 
180 9867 . 0 s X X X X X X X 
Well 6217 
Depth F C p 1 L C N C F 8 I! 8 s C 8 H C s C s A p I' C • X C H B B B p s H C L N H H s 
'" 8 0 p 0 I n 1 i .. 0 A • 0 r C r I I i T i r i D • u r y • r • I s r d 0 r l • t • r • 0 I • C Tov C 0 1 • p t r l 1 C l • r • h y C C V r C s l 0 r I ' r n u L L 0 8 C r r u t y t y l d N • 1 "' i l • p e r r h C t & t • C 1 0 r r • 1 r u i I b f i i • • • • r • r n .. r t l y • h " H y • Unit Uuit e d " C l • J 0 i r • r • h n & l l l I i p C 0 C C l t • l • • t d k ' • b " 0 I s s s s s t :~-·= - - ~ ; ; = ~ . = = . . = = . . " " . .. .. = " . .. = = . . .. = . . = = 2 . a = "' . = "' 
181.~ 9867. l 0 
181 9ll&9.0 ~ X X X X X X X X 
182 91191. 3 4 X X X X X X l X 
183 9892.9 4 X X X l X X X I 
184 9&91>.S 8 X I X I I X 
185 9896.9 8 X X X X X X X X I X 
186 9901. 7 5 X X I X X X 
187 9902.4 8 X X X X l X X X X 
188 9903.9 I X X X X X X X X X X I X I I X 
189 990b.) 1 X X X X X X X X X X X 
190 9901.5 8 I X X X I X X X X X I 
191 9909.0 8 X X X X X X X X X I X X I 
192 9Y 11. 7 I X X X X )( X X X X X X X X 
193 9\1 13. 0 5 X X X X X X 
194 991 5. 1 l X X X X X X X X X X 
195 9'115.1 8 I X X X X X X I 
196 9916.2 l X I X X I X I X 
197 9916.S 13 I X X X I X 
I.,.) 
~ 
198 9917.9 8 X X X X I X X X X \() 
199 9919.5 7 X X X X X X X X X 
200 9920.0 8 X X X X I I X X 
201 9920.9 1 X X X X I I X I 
202 9922.9 s X I I I I I l 
203 9923.2 s X I X I I 
204 9926. 5 8 X X X X X I X X I X 
20S 9927.3 8 I X X X X X X X X X X X X 
206 9928. 7 8 I X X X X X X X X 
207 9930. 7 8 X X X X I X X X X I I 
208 9935.4 8 X l X X I X X I X X 
209 99H.8 7 I X X I X X I X X 
210 9938. 8 6 X X X , X X X I X 
211 9939.8 s X X X X X X X 
212 9940.4 8 X X X X X X X X X 
213 9941, 2 s I X X X I X 
214 9942.0 0 
214 9948.0 s I X I I I I 
215 9950.0 8 X X X X I X I 
216 9952.3 s X X I X X X X X 
217 9!153.5 s X )( X X X X X X X 
218 99)4.5 7 X X X X X X X X X X 
219 9<J)5.2 5 X I X X X X X X 
220 99H. 5 7 I X X X I X I X 
221 9957 .0 8 I I I I X X X X X X X 
222 99)7.5 s X X X X I X X X 
223 99)6. 1 6 X X I X X X 
Well 6217 
Depth f C p I L C N C F 8 E 8 s C 8 H C s C s A p F C • X C H 8 II II p s H C L N H H s 
to a 0 p 0 I n I i .. 0 A • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 i .. p C r t 1 • 1 • r • h y C C V r C s 1 0 r 1 I r n u L L 0 B C r r u t 1 t y t d N • 1 of ' i s p e r r h C t g t • C i 0 r r • i r u i 1 b f i i • • • • r e r n V r t 1 y • b u " V • Unit Unit " J 0 C l a l 0 i r .. r • h n & 1 1 1 1 i p C 0 C C l t • t • • t d I,. I • b " 0 1 s s s s s t = .. = = = = = = = C .. = = = = = = .. = " 
224 9958. 3 5 X X X X X l l 
225 9959.0 1 X X X X X X X 
226 9960.1 1 X X X X X X 
227 9961.6 > X X X X X X l X 
228 9962. 7 7 X X X X X X X X 
229 9967.0 1 X X X X X X X 
230 9965.5 6 X X X X X X 
231 996>.B 8 X X X X X X X X X X 
232 9970.0 1 X X X X X X X X X 
233 9970.2 1 X X X X X X t X 
234 9970.6 8 X X X X X X X 
235 9971. 4 8 X X X X X X X X X X 
236 9971. 6 5 X X X X X 
237 9973 . 5 I X X X X X X X X X 
238 9976.9 I X X X X X X 
239 9971!.8 6 X X X X X X X 
240 9981. S I X X X X X X X w 24 1 99e2.a 7 X X X X X X X X X X X X V, 
242 9983.6 7 X X X X X X l ,:, 
24'.3 998S.O 7 X X X X X X X 
244 9985.2 5 X X X X X X X 
245 9986.7 4 X X X X X X X X X 
246 9991.4 I X X X X X l X X l X X 
247 9991.8 1 X X X X X X X 
248 9992.2 1 X X X X X X X X X 
249 9993.8 1 X X X X X X X X 
250 9994.5 1 l X X X X l X X X 
251 9996.4 1 X X X X X X X X X X X 
252 9996.7 1 X X X X X X X X X 
253 9997.2 7 X X X X X X X X X 
254 9998.5 1 X l X X X X X X X X X X 
255 9999.9 5 X X X X X X X X X X X 
256 10002.9 I X X X X X X X X X 
257 10003 . 9 1 X X X X X X X X X X X X X 
258 10005. 1 1 l X X X X X X 
259 10006.0 I X X X X X X 
260 10011.1 7 X X X X X X X X 
261 10015.5 1 X X X X X X 
262 10016. 1 I X X X X X X X X X X 
26) 10016.S I X X X X X X 
264 10017 .5 5 X X X X X X X X 
26> 10019.1 I X X X X X X X X X 
266 10019.5 I X X X X X X X X X X X X 
26/ 10020.2 1 X X X X X X X X 
268 10020.8 10 X X X X X X X 
Well 6217 
Depth F C p I L C N C p 8 E 8 s C 8 H C s C s ,. p I/ C • X C H 8 8 B p s H C L N H H s 
to 8 0 p 0 I n I i 8 0 ,. 8 0 r C r I I i T i r i D 8 u r y e r • I s r d 0 r t • t • r • 0 I • C 
Tov C 0 i .. p t r t l s l • r • h y C C V r C s l 0 r 1 B r n u L L 0 8 C r r u t y t y t d N • 1 
o f i i 6 p e r r h C t B t • C i 0 r r • i r u i l b f i i e • • • r e r Q .. r t l y • h u H V • Unit Unil e d 0 C l a I 0 i r • r • h n z l l l 1 i p C 0 C C l t • t • • t d It I • b H 0 l s s s s s t ::;::;; ----- = .. = = = = = = = = = = = = = = = = = = = = = = " " = = = = = = = = = = = = = = = = = = = 
269 10021.6 I X X X X X X X X 
270 10022.1 7 X X X X X X X 
271 10022.6 I X X X X X X X X 
27 2 10023 .3 7 X X X X X X X X X X 
2n 10024.3 7 X X X X X X X X 
274 1002S .9 7 X X X X X l X l 
275 101120.6 I X X X X X X X 
270 10027.4 I X X X X X X l X 
27 7 10030.0 I X X X X X X l 
278 I 0031. 3 I X X X X X X X 
2/9 10031 . 5 I X X X X X X X X 
280 10033 . 0 1 X X X X X X X X l 
281 100'.ll .8 I X X X X X X X X 
2ij2 10034. l 5 X X X X X X X 
283 10036.1 I X X X X X l X X 
284 10037.1 5 X X X X 
285 10038.3 6 X X X X X X X 
286 10038.6 I X X X X X X X l w 
287 10038.8 7 X X X X X X X X v, 
288 10039. S I X X X X X i( X X X X 
289 10040.5 I X X X X X l X 
290 10041. 6 I X X X X X X l X 
291 10042. J I X X X l X X X l X 
292 10043.1 I X X X X l X l l X X l 
293 10044.0 I X X X X X X X X X X 
294 10045.0 I X X X X X X 
295 10045.4 l X X X X X X X X X X X 
296 10046.4 10 X X X 
297 10046.5 l X X X X X X l 
298 1004t>./ l X X X X X X 
299 10041>.8 l X X X l X X 
300 10048.0 5 X X X X X X 
301 10048.4 I X X X X X X X X X 
302 10048.9 I X X X X X X X X X 
303 10049.2 I X X X X X 
304 10049.5 I X X X X X X 
305 100,,9.'I 7 X X X X X X X l( X 
306 10052 .2 7 X X X X X l( 
307 100~2.8 8 X X X X X X l 
308 100~5.6 6 X X X X X X l 
309 1005h .8 I X X X X 
310 ICH)S I. I b X X X X X 
311 10057. 5 7 X X X X X X X X X X X 
312 10061. 4 1 X X X X l X X 
313 10061. 9 l X X X X X X X 
Well 6217 
Depth ~ C I' r I, C N G l' B E B s C 8 H G s C s A p F C • X G H B B B p s H 'C I, N H H s to 8 0 p 0 I n I i .. 0 A • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C To~ C 0 i ID p t r t I 8 1 • r a h y C C V r C s 1 0 r l I r n u I, L 0 B C r r u t y t y t d N • l ot i i • p e r r h C l I t • C i 0 r r • i r u i l b f i i e • • • r • r n .. r t l y • b u " V • Unit U11it " d 0 C l • I 0 i r • r ID h n z; l l l l i p C 0 C C l t • t • • t d It I • b K 0 l s s s s s t ==-=== ;:=-= ~ = = = = = = = = = = = = = = " = = = = = = = = = = = = = = = = = = = = = = = " " " = = = = " 
314 10062.3 8 X X X X X X X X 315 10064.3 I X X X X X X X 
316 10065.1 I X X X X X X l X 317 10065.5 I X X X X X X 318 10066. 0 I X X X X X X X X 
319 10066.5 6 X X X X X X X 320 10068. 5 I X X X X X l l 321 10069. 3 l X X X X X X X X X 322 10070.0 ] X X X X X X X X X X X 323 10070.3 I X X X X X X X 324 1007 2. 3 H X X X X X X X l X l X 325 1007 J.H I X X X X X X X X 326 10074. 5 I X X X X X X X X X X 
327 10076.9 I X X X X X X X X l X l 328 10077. 7 6 X X X X l X l l l 329 10078. 0 I X X X X X X X X X l l X X 330 10080.3 I X X X l X l 
331 10080.7 1 X X X X X X X ._,J v , 332 10082.2 I X X X X X X X X l X ~..) 333 10083.6 I X X X X X X X X X X X 334 10084.6 l X X X X X X X X X X X l X 335 10087.4 l X X X X X X X X l 336 10090.6 1 X X X X X X l X X X X l 337 10095.3 I X X X X X X X X l l 338 10096.1 I X X X X X l l 339 10097 . I I X X X X X X X l X X 340 10099.2 I X X X X X X X l l X X l 341 10101. 7 I X X X X l X 342 1010 1. 9 l X X X X X l X l l 343 10106 .0 I X X X X l l 
344 10106.9 I X X X X X X l l 345 10108. 7 I X X X X X X X l X l l l X 346 10109.0 I X X X X X X l X X l l 347 10110.8 1 X X X X X l l X 
348 10111. 5 1 X X X X X X X 
349 10113.8 I X X X X X X X X l l 350 10115 .5 I X X X X X X X X X 
351 10115 . 7 I X X X X X X X X X l l l 352 10118.3 I X X X X X X X l 353 10118. 5 I X X X X X X l l X X l 3:,4 101 20.0 I X X X X X X X X X X X 35:, 10121.5 I X X X X X X X X 356 10122. 2 1 X X X X X 
Well 6470 
Depth f C p I L C N C I' B p; B s C B H C s C s A p I' C . X G H B B B p s H C L N H H s 
to a 0 p 0 I n I i a 0 A • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Tov C 0 i m p t r t l • l • r • h y C C V r C s l 0 r l & r n u L L 0 B C r r u t y t y t d N • l of i i " p e r r h C t g t • C i 0 r r • i r u i 1 b f i i • • • • r • r n .. r t 1 y • h u H V • Unit Unit " d 0 C l a I 0 i r a r • h n " l l 1 1 i p C 0 C C 1 t • t • • t d k & • b H 0 1 s s s s s t ----- = : = = : = = = = = = = = = = = = = = " = = = = = = = = = = = = = = = = = = = = = " " 
1 9740.0 6 X 
2 9740.8 6 X 
3 9742.0 6 X X 
4 9744.6 6 X l 
5 9745.5 6 X 
6 9746.0 5 X X X X X X X 
7 9747.6 5 X X X X X X 
8 97 48. 7 4 X X X l X X X 
9 9749. 8 0 X X X X X X l X X 
10 9751. 7 5 X X X X X X 
ll 9752.5 5 X X X l X X X 
12 9753.1 0 X X X X X X l X X 
13 9753.7 4 X X X X X X l X X X X 
14 9755.3 5 X X X 
15 9756.2 5 X l X X 
16 9756.5 4 X X X X X X X X X 
17 9757.7 4 X X X X X X X X l X X 
18 9759.) 4 X X X X X X X X X X l X X w 
19 9760.5 4 X X X X X X X l X X \._ 1 
20 9763.3 4 X X I X X I l X X w 
21 9764.4 4 X X X X X l X l X X X 
22 976~ .9 4 X X X X X X X 
23 9770.0 ) X X X 
24 977 2. 3 2 l X X X X X 
25 9773. 9 2 X X X X X X X 
26 9774. 7 2 X X X X X X X X X 
27 9776.3 ) X X X X X 
28 9777. 9 5 X X X X X 
29 9778.4 ) l X X X X 
30 9780.J 3 X X X X X X 
)l 97&1.7 1 X X X l X X l X X X 
32 9784.6 3 l X X X 
33 9788.9 2 X X X X X X 
34 9790. 2 3 X X X X 
35 9791 .0 1 X l X 
36 9791. b 3 X X X X X X X 
)7 9793 .1 3 X X X X 
38 9797.9 3 X X X X X X 
39 9798.8 2 X X X X X X X X X 
40 9803.S 3 X X X X 
41 9804. ~ 1 X X X X X X X X X 
42 9805.1:1 2 X X X X X X X X X X 
43 9809.4 2 X X X X X X X 
44 9810.2 2 X X X X X X X X 
Well 6470 
Depth t' C p I L C N C F B Ii B s C B " C s C s ,. p l' C • X C " B B B p s H C L N H H s lO • 0 p 0 I n I i • 0 /\ M 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C 'fop C 0 i m p t r t 1 • 1 • r a h y C C V r C s 1 0 r l I r n u L L 0 B C r r u t 'Y t 'Y t d N • 1 of i i • p e r r h C t g t • C i 0 r r • i r u i l b f i i • • • • r • r n .. r t 1 y • h u H .., • Unit Unit ~ d 0 C 1 • I 0 i r • r • h n .. l 1 1 1 i p C 0 C C 1 t • t • • t d k g • b H 0 1 s s s s s t ==~=; ;.:::; : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
45 9811.5 1 X X X X X X X I 
46 9812.6 4 X X X X X X X X X X 
47 9817.0 3 X X X X X X X X I I 
48 9822.1 4 X X X X X X X X 
49 9823.0 4 X X X X X X X X 
50 9825.5 4 X X X X X I I 
51 9827.7 4 X X X X X X X I 
52 9833 .5 4 X X X X X X X I 
53 9835.7 4 X X X X X X X I I I 
54 9840.5 4 X X X X X X X X I 
55 9843.6 4 X X X X X X X X I I 
56 9847 .1 4 X X X X X X I X I 
57 9852.6 1 X X X X X X X X X X X X X I I 
58 9854.9 I X X X X X I 
59 91158.0 1 X X X X I X X X X X I I 
60 9859.2 1 X X X X X X X X 
61 9859.5 1 X X X X X X X X X 
62 9860.0 1 X X X X X X X X X X X I I w 
63 9861. 7 1 X X X X X X X X X X X I I X u, .c-64 9862.7 l X X X X X X X 
65 9863.0 1 X X X X X X X X X 
66 9864.0 4 X X X X X X X X X X X X X X 
67 9864.3 1 X X X X X X X X X I X 
68 9866.0 4 X X X X X X X X X X X 
69 9869.4 1 X X X X X X X X X X X X X X 
70 9874.0 1 X X X X X X X I X I I X X 
71 9875.6 1 X X X X X X X I I 
72 9876.5 1 X X X X X X X I I 
73 9877 .5 1 X X X X X I X X I I X 
74 9882.5 1 X X X X X X X X X I 
75 9883.5 1 X X X X X l( X X X X 
76 9885.8 1 X X X X X X X 
77 9890.8 1 X X X X X X X X X 
78 9892. 2 1 X X X X X X X X X X X 
79 9893.6 1 X X X X X X X I X I 
80 9894.4 4 X X X X X X X X X X X X 
81 9896.2 4 X X X X X X X X X X 
82 9898.0 4 X X X X X X X X X X X 
83 9898.6 4 X X X X X X X X X X 
84 9901. 8 4 X X X X X X X X 
85 9902.0 4 X X X X X X X X X 
86 99os:o 1 X X X X X X X X X 
87 9906.8 1 X X X X X X X 
88 9910.2 1 X X X X X X X 
Well 6470 
U<.•ptl1 f C p I L C N C F 8 E 8 s C 8 H C s C s A p p C .. X C H 8 8 8 p s H C L N H H s 
co .. 0 p 0 I n I i • 0 A • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 i Ol p t r t l • l • r • h y C C V r C s l 0 r l I r n u L L 0 8 C r r u t y t y t d N • l of i i. • p e r r h C t 8 r • C i 0 r r • i r u i l b f i i • • • • r • r n V r t 1 y • b u H V • Un it Un i t e d 0 C I a I 0 i r • r • h n i; l l l 1 i p C 0 C C l t • t • • t d Ir. 8 • b H 0 l s s s s s t =s:==.:= = = = = = = = = = = = = = = = = = = .. = = = = " = = = = = = = = = = = = " = .. = = = 
89 99 10.8 1 X X X X X 
90 9911. 3 1 X X X X X X X X 
91 991'.l . 5 I X X X X X X X 
92 9913.9 1 X X X X X X 
93 9917 .8 1 X X X X X 
94 9918.5 1 X X X X X X X X X 
94 .5 9919.0 0 
95 9921.0 I X X X X X X X X X 
96 9922.8 I X X X X X X X X X 
97 9923 .4 I X X X X X X X 
98 9924.) l X I I X X I I X X 
99 9925 . 5 I X X X X X X X X 
100 9926 . 0 1 X X X X X X X X X X X 
101 9927 . 0 1 X X X X X X X X 
102 9928.0 l X X I X l X X X X 
103 9929 . 9 1 X I X X 
104 9930. 1 2 X X I X X X X 
105 9930. 9 3 X X X X X X X w u, 
106 9932.3 I X X X l I I I X X Vl 
107 9933 . 6 I X X X X X X X 
108 9936. 7 4 X X I X X X 
109 9939.0 2 X X X X X X X 
110 9941.2 4 X X X X X X X X X 
111 9942.1 4 X X X X X X X I X 
112 9943.6 I X X X X X X X X X X 
113 9947 . 6 4 X X X X X I X X 
114 9952.4 4 X X X X X X X 
115 9953.4 1 X X X X X X X 
116 9954 .5 4 X X X X X X X X X X X 
117 9955.5 4 X X X I X X X 
118 9957.8 4 X X X X X X X X X X X X 
11 9 9958. 3 4 X X I X X X X 
120 9958.5 4 X X X X X X X X 
121 9959.6 I X X I X X X 
122 9960.9 5 X X X 
123 9961. 8 I X X X X 
124 9962. 9 I X X X X X X X X X X X 
125 9964.9 4 X X X X X X X 
126 9967. 7 4 X X X X X X X X X 
127 9968. 1 4 X X X X X X X X X 
128 9969.6 4 X X X X X X X X X 
129 9971. I 4 .,. X X X X X X X X X 
130 997 1.6 4 X X X X X X X X X X X X 
13 1 9972.0 4 X X X X X X 
Well 6470 
Deyth f C I' I L C N C F II E 8 s C 8 " C s C s A p F C • X C " B B 8 p s " C L N " " s to a 0 p 0 I n J i ~ 0 A " 0 r C r I I i T i r i 0 a u r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 i .. p t r t l • l • r .. h y C C V r C s l 0 r 1 I r n u L L 0 B C r r u t y t y t d N • l of i i " p e r r h C t g t • C i 0 r r • i r u i 1 b f i i • • • • r • r n V r t l y • h u " V • Unit Unit " J u C l • I 0 i r 8 r . h n & l l 1 1 i p C 0 C C 1 t • t • • t d k a • b " 0 l s s s s s t = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = .. = 
132 9972. 9 4 X X X X X X X X X X 133 9975 . 5 4 X X X X X X X X X 134 9976.6 4 X X X X X X X X X X X X X X X 135 9980.1 4 X X X X X X X X X X X X X 136 9983 . l 4 X X X X X X X X X X X X X 137 99115.6 4 X X X X X X X X X X X X 138 991H . 2 4 X X X X X 
139 9987.7 4 X X X X X X 140 99811.7 4 X X X X X X X X l[ 
141 9989.9 4 X X X X X X X X X X X 142 9992 . 4 4 X X X X X X X 
143 9993.5 3 X X X X X X X X 144 9994.9 2 X X X X X X 145 9996.0 4 X X X X X X X 
146 9997.2 4 X X X X X X 147 9997.6 2 X X X X 148 9999.5 3 X X X X X X X w 149 10000.4 3 X X X X X X X 01 !SO 10003 . 0 X X X c-, 4 X X X X 
151 10005 . 6 4 X X X X X X X 15 2 10007.1> 4 X X X X X X 153 10008.8 4 X X X X X X X X X 
154 100 10.9 4 X X l X X 
155 100 11 .3 4 X X X X X X 
156 100 12 . 5 4 X X X X X l X 
Well 7207 
Depth F C p I L C N G F 8 E 8 s C 8 H G s C s A p F C • l G H 8 8 8 p s H C L N K H s 
to a 0 p 0 I n I i a 0 A • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C 
Top C u i m I' t r l I • l • r • h y C C V r C s 1 0 r 1 g r n u L L 0 8 C r r u t y t y t d N • 1 
of i i • p .. r r h C t g t • C i 0 r r • i r u i l b f i i • • • • r • r n w r t 1 y • h u K V • 
Unit Unit e d 0 C l • I 0 i r • r • h n z l l l 1 i p C 0 C C l t • t • • t d k g • b K 0 l s. s s s s t 
= 
1 9286.0 9 l l l l 
2 9286.3 9 l l X X l 
3 9287.3 9 l X X X l 
4 9268 .l 9 X l X X 
5 9290 . 0 9 X X X l X X 
6 9291. 5 9 X X X X l X 
7 9293 . 5 9 X X X X l 
8 9294. l 9 X X X X X 
9 9295. 2 9 X X X X X X 
10 9295 . 5 9 X X X 
11 9296 . 5 9 X X X X X 
12 9297.6 9 X X X X X 
13 9298.5 9 X X X X X X l X 
14 9299. 1 9 X X X X l X 
15 9299.7 9 X X l X l X l X 
16 9303.3 4 X X X X X X l 
17 9305.1 4 X X X X X l l X l X X 
16 9305.8 8 X X X X X w 
19 9307 .0 8 X X X X X X 'JI 
20 9308.8 6 X X X X X X X --.J 
21 9310.0 7 X X X X X X X X X X 
22 9310.5 5 X X X X X X X X X 
23 9311. 2 0 X X X X X X 
24 9313 . 6 7 X X X X X X X X X 
25 9315.6 6 X X X X X X X X X X 
26 9316.4 6 X X X X X X X X X X X X X 
27 9316.9 6 X X X X X X X X X l X l 
28 9318.1 4 X X X X X X X X X X X X 
29 9319.0 3 X X 
30 9320.0 5 X X X X X X X X 
31 9330.3 9 X X X X 
32 933 1.0 3 X X X X 
33 9332.0 5 X X X X X 
34 9334.1 1 X X X X X X X X X X 
35 9335.7 1 X X X X X X 
36 9336.7 1 X X X X X X X X X X 
37 9337.0 6 X X X X X X X l 
38 9337. 7 I X X X X X 
39 9338 .1 2 X X X X X X X 
40 9338.4 5 X X X X X X 
41 9339.2 4 X X X X X l X X 
42 9339.~ 3 X X X 
43 9340.0 4 X X X X X X X X X X X X l 
44 9340.6 4 X X X X l X X X X l 
45 9341.6 7 X X X X X X X X X 
Well 7207 
Depth F C p I L C N C l' B I! B s C B H C s C s A p p C • X C H B B B p s H C L H H H s tu " 0 p 0 I n I i • 0 A • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Top C " i • p t r t 1 G l • r • h y C C V r C s 1 0 r 1 I r n u L L 0 B C r r u t y t y t d N • 1 of i i • p e r r h C t I t • C i 0 r r • i r u i 1 b f i i e • • • r e r n .., r t 1 y • h u H V • Unit Un it e d 0 C 1 • I 0 i r • r • h n & l 1 l l i p C 0 C C l t • t • • t d It I • b H 0 l s s s s s t ====;; ----- = = = = = = = = = = = = = = = = - - = = .. = = " = = = "' = = = = = = = = = = . .. = = " . . . " 
46 9H3.5 I X X X X X X X X X X 47 9344.8 7 X X X X X X X X 48 9345.0 6 X X X X X X X X X I 49 9345.8 7 X X X X I X X 50 9346.2 7 X X X X X X X X X X X X X X I 51 9348.1 2 X X X X X X X X X X X 52 9348 . 11 6 X X X X X X X X X 53 9349.5 7 X X X X X X 54 9350.3 I X X X X X X X X X X X 55 9351.5 7 X X X X X X X X X 
56 9355.6 6 X X X X X X X X 5/ 9359.0 6 X X X X X X X X X X 
58 9360.4 7 X X X X X X X X X X X X I 59 9362.6 7 X X X X X X X X X I 60 9363.2 l X X X X X X X X X X I 61 9365.3 2 X l X X X I X X X 62 9367 .7 7 X X X X X X X X X X X 63 9369.7 2 X X X X X X X w 64 9371. 6 6 X X X X X X I J1 65 9372 . 5 6 X X X X X l X C) 66 9373.4 5 X X X X X X X X X X X X I 67 9374.4 5 X X X X X X X X X X X 68 9375.) 7 X X X X X X X X X X X 69 9377 .8 l X X X X I X X X X 70 9379.8 l X X X X X X X X X 71 9381.0 I X X X X X X I 72 9383.3 2 X X X X X X X X X X 
73 9384.2 6 X X X X X X X X X X I 74 9384.5 6 X X X X X X X 
75 9385.1 6 X X X X X X X l X 76 9385 .8 l X X X X X X X X X X l X 77 9387 .0 l X X X X I X X X X 78 9388.8 6 X X I X X X X X I 79 9390. 0 l X X X I I X X X 80 9393 . 4 4 X X X X X l l X X X I X X 81 9395.0 I X X X X X X X X 82 9397 .0 5 X X X X X X X 83 9399.5 6 X X X X X X X X 84 9400.9 3 X X 85 9403.1 I X X X X X X X X X 86 9404 .0 I X X X X X X 87 9404.9 4 X X X X X X X X X 88 9406.5 5 X X X l X X X 89 9407.5 5 X X X X X X X X X 90 9410.2 5 X X X X X X X X 
Well 7207 
Dept I, t· C I' I L C N G F B E 8 s C B K G s C s A p F C • X G K 8 B B p s K C L N K K s lu u 0 I' 0 I n I i .. 0 A 8 0 r C r I I i T i r i D • .. r y e r • I s r d 0 [ t • t • r • 0 I • C Top l' V l .. p L r t I • l 8 r a h y C C V r C s l 0 r 1 g r n u L L 0 B C [ r u t y t y t d N • 1 of l i " p " r r h C t g t 8 C i 0 r r • i r u i 1 b f i i • • • • r • r n " r t l y • h u " V • Unit lln1t J (: l . I 0 i r 8 r • h n " l l l 1 i p C 0 C C 1 t • t • • t d k & • b K 0 l s s s s s ,. = = = = = = = = = = = = = = = = = = = . = = = " = 91 94 11. 5 4 X X X X X X X X X X X 92 9423.2 I X X X X X X X 93 91+24.0 5 X X X X X X X X 94 91124. 8 s X X X X X X 95 9426.4 6 X X X X X X X X X X X 96 9428.2 6 X X X X X X X X 97 91,Jo., 4 X X X X X X X X X 98 9430.8 5 X X X X X X X X X 99 9'+31.'> 4 X X X X X X X X X X X 99.5 9432.0 0 
100 9484 . U 2 X X X X X X X X X 101 9485.0 2 X X X X X 102 9486.7 '> X X X X X X X X 103 9488.9 4 X X X X X X X X 104 9490.4 '• X X X X X X X X X 105 9491.2 '> X X X X X X X 106 9492.3 3 X X X X 107 9495.2 I X X X X X X X X X X I X w 108 9501 . 8 1 X X X X X X I X l u, 
"' 
109 9503.9 f, X X X X X X X 110 95 12.9 2 X X X X X X X X X X X X I Ill 9520.0 t, X X X X X X X 112 9521. / 2 X X X X 113 95 27. o 2 X X X X I X X X 114 9530 . 0 I X X X X X X X X X X 11 5 9~34. 9 6 X X X I X X 116 9537 .0 b X X X X X l( X X 117 9'>39.2 2 X x· X X X X 118 9'>44.o 2 X X X X X X X X X 119 9547.4 4 X X X X X X X X I 120 9546.6 2 X X X X X X X 121 9550 . 3 2 X X X X X X X 122 9551.6 I X X X X X X X X X 123 9553.8 2 X X X X X X X X 124 9559.3 2 X X X X X X X X X 125 9563.a I X X X X X X X X X 126 9567 . 8 5 X X X X X X 127 '.1569.6 1 X X X X X X X X 128 95/0.b 2 X X X X X X X 129 9572.0 I X X X X X X X 130 9575 .0 b X X X X X X 131 9577 .5 6 X X X X X 132 9578.0 b X X X X X X 133 9S79 . u I X X X X X 134 9'>8U.1 2 X X X X X 
llell 7207 
llcpth .. C p I L C N C p 8 £ II s C B H C s C s ,. p f C • X C H B B 8 p s H .c L H H H s to J 0 ~ 0 I n I i • 0 ,. 8 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t " r • 0 I • C Top C 0 l m p t r t I B l • r • h y C C " r C s l 0 r l I r n u L L 0 B C r r u t y t y t d N • l of i i ¥ p e r r h C t 8 t • C i 0 r r • i r u i l b t i i e • • • r e r n .. r t l y • h u H V • U1~i I llnit C d 0 C l 8 I 0 i r • r • h n ~ l l l l i p C 0 C C l t • t • • t d Ir. ' • b H 0 l s s s s s t = = = = = = = = = = = = = = = = = = 
135 9~in.s 2 X X X X X X X X 
136 ~590.5 I X X X X X X X 
137 959 1 .5 2 X X X X X X X X 
1311 959).8 2 X X X X X X X 
139 9595.3 2 X X X X X X 
140 9!>95.8 2 X X X X X X X X 
141 9597 . 7 2 X X X X X X X 
I U 9600. 7 2 X X X X X X 
143 9605.2 2 X X X X X X X X X X X X X 
144 9b07 .I, 2 X X X X X X 
145 9601:1 . 0 2 X X X X X X X X X 
11,6 9bl0.I! 2 X X X X X X X 
147 9613 . 3 s X X X X X X 
148 9617.2 l X X X X X X X 
149 9618.8 2 X X X X l 
150 9619 . 5 2 X X X X X X X 
l!> l 9620.7 2 X X X X X X X 
152 9622 . 9 b X X X X X X w 
153 %23 . 7 2 X X X X X X X °' 0 154 9624. 8 6 X X X X X X X 
155 962b . 5 6 X X X X X X X 
156 962b . 8 6 X X X X X X X X X 
151 9627 . 0 2 X X X X X X X X X 
158 9627.6 6 X X X X X X X X 
159 9628 . 5 2 X X X X X X X X X 
160 9631 . 7 6 X X X X X X X X 
l b ) 9b34 . 0 I X X X X X X X 
l b2 9635 . 3 6 X X X X X X X 
163 9639 . 6 6 X X X X X X X X 
16 4 9641 . , 6 X X X X X X X X 
165 9642 .6 1 X X X X X X X X X 
166 9643.6 6 X X X X X X X X X X 
167 9644.5 2 X X X X X X X I X l 
16ll 9647 . 3 2 X X X X X X X l X l X 
169 9647. 7 6 X X X l X l X l X 
170 9650.6 6 X X X X X X X X X l X X X X 
17 1 %53.4 b X X X X I X X X l 
17 2 965S . I 6 X X X X X X X X X X 
173 9657 . 5 6 X X X X X l X l X X X X 
I 74 9o!>9.ll 6 X X X X X X X X X X 
I 7 !> %61.0 2 X X X X X X X X l 
1 7() %61.4 b X X X X X X X X X X X 
177 966ft .b 6 X X X X X X X X X )( X X 
178 %67 .0 5 X X X X X X X X X 
179 %71.8 6 X X X X X I( X X 
Wd l 7207 
Depth F C p I L C N C F B E II s C B H C s C s A p F C • X C H B B B p s H C L N H H s to d 0 I' 0 I n l i .. 0 A a 0 r C r I I i T i r i D a u r y e r • I s r d 0 r t a t • r • 0 I • C Top C 0 j m p t r t I " 1 s r • h y C C V r C s l 0 r l g r n u L L 0 B C r r u t y t y t d N • l of I i s p " r r h C t 8 t • C i 0 r r • i r u i l b f i i • • • • r e r n .. r t l y • h u H V • Unit Unit ~ d 0 C l . I 0 i r • r • h n z 1 l l l i p C 0 C C l t • t • • t d k g • b H 0 l s s s s s t :..:;.;.= ----- ~ = = = = = = = = = = = = - - - - - - - - = = = = = = = = = = = = = = a 
180 9675.0 6 X X X X X X X X X X X X X 
18 1 9677. 8 6 X X X X X X X X X 
182 9680.2 6 X X X X X X X X X X I X X 
183 9682 .0 6 X X X X I X X X X 
184 968).7 6 X X X X X X X 
185 961j/. l b X X X X X X X X X 
186 9681l.O 6 X X X X X X X X X X I 
187.5' 9091. 0 0 
187 9695.5 6 X X X X X X X X X I 
188 9696 .6 6 X X X X X X X X 
189 9697.4 6 X X X X X X X 
190 9698.9 6 X X X X X X X X 
191 9700.ll 6 X X X X X X X X X X X X 
192 9704. 2 2 X X X X X I 
193 970~.0 6 X X X X X X 
194 97 07 • 7 1 X X X X X X X I 
195 9712.5 6 X X X X X X X I I 
196 97 14.0 5 X X X X X X l X X w 197 97 lo.2 4 X X X X X X X X X °' 1911 97 lll. 3 5 X X X X X X X X I .... 
199 972) .0 6 )l X )l X I X X X X 
200 9724 . 0 6 X X X X X X X X X X X 
10 1 9726.2 6 X X X X X X X X X X 
202 97 26 . ~ 5 X X X X X X X X X X 
203 9729.9 I X X X X X X X 
204 9730.1 5 X X X )l )l X X X 
205 9731. 3 6 X X )l l( X I X 
206 9732.4 6 X X X X X X X X 
207 9734.4 6 X X X X X X X X X X 
208 9730.0 I X X X X X X X X X X 
209 97)6.4 6 X X X X X X X X 
210 9740. 7 6 X X X X X X X X X I X X 
211 9744 . 4 5 X X X X X X I I 
212 9746.5 6 X X X X X X X X X X X 
213 9753 . 3 4 X X X X X X X lt X X X X lt X 
214 9754. I 6 X X X X X X X X X X 
215 9757.2 2 X X X X X X X 
216 97b). 7 b X X X X X I X X 
217 9764 . ~ 2 X X X X X X 
218 9/65.2 2 X X X X l X X X X 
219 9766.2 b X X X X X X X X 
220 9766. \ b X X X X X X X X X X X 
221 97b6. l b X X X X X X X X 
222 9707. 5 6 X X X X X X X X X X 
223 9769.0 b X X X X X X X X X X 
Well 7207 
Dept I, ~ C p I L C N G F B E B s C B " G s C s A p F C • X G " B B B p s " C L II " H s to 8 0 p 0 I n I i 8 0 A a 0 r C r I I i T i r i D a u r y e r • I s r d 0 r t • t • r • 0 I • C Top e 0 i m p [ r t l B l s r a h y C C V r C s l 0 r 1 a r n u L L 0 B C r r u t y t y t d II • of i " p e r r h C t g t • C i 0 r r • i r u i 1 b f i i e • • a r e r n " r t 1 y • h u " V • Unit Uu.n " d 0 C l 8 I 0 i r a r • h n z 1 1 1 l i p C 0 C C 1 r • t • • t d k g • b K 0 1 s s s s s t :: :::::~:; 
224 9769.4 D X X X X X X X X 
225 9171.0 t, X X X X X X X X X X X 
22b 9774 . 1, 2 X X X X X X X X 
227 9774.tl '• X X X X X X X X X X 
228 9775.0 b X X X X X X X 
229 9771'1.3 b X X X X X X X X X 
230 977tl.3 b X X X X X X X X 
23 1 \17110.) 6 X X X X X X 
232 97\13.2 0 X X X X X X X 
23) 97\13. J 4 X X X X X X X X 
234 9/~4.~ l> X X X X X X I 
235 9794 . 7 6 X X X X X X X 
231> 97<J).) b X X X X X I I 
231.5 9796.~ 0 
237 9803.0 4 X X X X X X X X 
238 9805.0 2 X X X X X X I X 
239 980~.9 I X X X X X X X 
240 9806.8 1 X X X X X X X I w 
24 1 9807 . 4 i, X X X I X I X O' 
N 24 2 9810.3 I X X X X X X X I 
243 981 1.4 6 X X X X X X X 
244 9tl12. I I X X X X X X X 
245 9813. 2 2 X X X X X X X 
246 9815 . 5 2 X X X X X X X X 
24 7 9818.0 6 X X X X X X X X X 
248 ?fll9.0 b X X X X X X 
249 98 19.) (> X X X X X X X X X 
250 9819.9 I X X X X X X X X X 
25 1 9821 . 0 2 X X X X X I 
252 9822 . ) 5 X X X X X X X X X 
253 9822. 7 2 X X X X X 
254 9824.0 b X X X X X 
255 9824.6 2 X X X X X 
256 9826 . 1 6 X X X X X X X X X X X I X 
257 9827.4 I I X X X X X X X X 
258 982H.6 1 X X X X X X X X 
259 982tl.';I b X X X X X 
260 9829.2 I X X X X X X X X X 
261 9835 . 4 6 X X X X X X X X X 
262 9836.1 2 X X X X X X X X X X X X X X 
263 9843.) b X X X X X X X X X 
264 9845°. 7 I X X X X X X X 
2b5 964b.9 1 X X X X X X X 
266 9848.5 5 X X X X X X X X X 
267 9849.0 I X X X X X X X X 
Well 7207 
Depth .. C p I I. C N G F 8 E 8 s C 8 H G s C s A p I' C • X G H 8 II 8 p s H C L N H H s lO ~ 0 p 0 I n I i " 0 A • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Top C " ; w p t r l 1 8 1 • r • h y C C V r C s l 0 r 1 g r n u I. L 0 8 C r r u t y t y t d N • 1 of i i • p • r r h C t g t • C i 0 r r • i r u i l b f i i e • • • r • r n V r t l y • h u H V • Unit Uuit • J " C I .. I 0 i r • r • h n & 1 l l 1 i p C 0 C C l t • t • • t d k g • b H 0 l s s s s s t = = = = " " " " = = " " .. = = = = = = = = " 
268 985 1. ) l X X X X X X X 269 9851. 7 6 X X X X l X l X 270 9852 .o 6 X X X X X X X l X 271 9852.8 l X X X X X X X X 272 986 1.C> l X X X X X X X X X X 273 9862.0 6 X X X X X X X X X X X 274 9863 . 6 4 X X X l X X X l l X 275 9865.3 4 X X X X X X X X X X l 276 9866 . 8 5 X X X X l l l 277 91l67 . 7 5 X X X X X X 
278 9869.5 1 X X X X X X X X 279 9870 . 2 l X X X X X X X X X 
280 9870. 6 I X X X X X X X l X 281 9874. 3 5 X X X X l X 282 9875.0 4 X X X X X X X l l l X 283 9876.9 4 X X X X l X X l 
284 9878.5 4 X X X X X X X X X w 285 9879 .4 1 l X X X X X 0-266 9881. 7 I X X X X X X X l l w 287 9881.9 4 X X X X X X X X X X 288 9886.9 I X X X X X X X X X X 289 9887.o 1 X X X X X X 
290 9667./ 4 X X X X X X X X l X 291 9889.2 l X X X X X X X X X 292 9889.6 l X X X X X X X X X 293 9889.9 4 X X X X X X X X X 294 9890.5 I X X X X X l X l X 
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o~pth t' C p I L C N C F B g B s C B " C s C s ,. p F C • X C " B B B p s H . C L N H " s [O a 0 p 0 I n I i .. 0 ,. .. 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r .. 0 I • C Top C 0 i • p t r t l • l • r • h y C C V r C s l 0 r l g r n u L L 0 B C r r u t y t y t d N • l of i i ~ p e r r h C t 8 t • C i 0 r r • i r u i l b f i i e • • .. .. e .. n .. r t l y • h u " V • Unit Unit e J 0 C l a I 0 i r • r • h n % l l l l i p C 0 C C l t • t • • t d k 8 • b " 0 l s s s s s t = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
i.5 7tHl5.0 9 X X X X X X X X X X X X 
i.6 7811>.5 9 X X X X X X X X X X X X 
47 7 8tl] . > 'J X X X X X X X X X X X X X 
48 7811?.0 9 X X X X X X X X X X X 
49 7890 . 1 7 X X X X X X X X X X X X X 
50 7 89 1.3 9 X X X X X X X X X X X X X X X X 
51 7 892. 0 9 X X X X X X X X X X X X X X X X 
52 J 893. 9 9 X X X X X X X X X X X X 
53 7894 .9 8 X X X X X X X X X X X X 
54 7tl96.5 9 X X X X X X X X X X X X X 
5> 7897.> 8 X X X X X X X X X 
56 7 898 .0 8 X X X X X X X X 
:,7 7898.3 1 X X X X X X X 
58 7tl98 . 8 3 X X X X X X 
59 7899.0 9 X X X X X X X X X X X X 
60 7899.9 9 X X X X X X X X X X X 
61 7901. 7 9 X X X X X X X X X X X X 
62 7902.4 7 X X X X X X X X w 63 7902.5 9 X X X X X X X X X X X X 0, 
64 7903.5 9 X X X X X X X X X X X X X l...J\ 
65 7906.5 9 X X X X X X X X X X X X X 
66 7906 . 9 9 X X X X X X X X X X 
67 7907 . 2 9 X X X X 
68 7908 . 9 9 X X X X X X X X X X X X X 
69 7910 . 5 9 X X X X X X X X X X X X X X X 
70 7910.9 9 X X X X X X X X X X X X X 
71 7913. I 3 X X X X X X X 
72 7913.6 9 X X X X X 
73 791:,.5 8 X X X X X X 
74 79 17. 9 8 X X X X X X X X 
75 7919.4 9 X X X X X X X X X X X X 
76 7920.4 8 X X X X X X X X X X X X X X 
17 7920.6 9 X X X X X X X X X X X X X X X X 
78 7921. 0 9 X X X X X X X X X X X X 
79 7921 .8 5 X X X X X X X 
80 7925.9 9 X X X X X X X X X 
81 7927.4 8 X X X X X X X X X X X X 
82 7928. 2 9 X X X X X X X X X 
81 79211.4 9 X X X X X X X X X 
84 7932. 4 8 X X X X X X X X X X X 
85 7933.4 8 X X X X X X X X X X 
86 7935.0 8 X X X X X X X X X X 
87 7'136.5 8 X X X ll X X X ll X 
88 7<;37 .0 9 X X X X X X X X X X 
89 7937.5 9 X X X X X X X X X X X X 
lldl 7918 
o.,vth F C p I L C N C F B E 8 s C B H C s C s A p I' C • X C H B B B p s H C L N " " s l" a 0 p 0 I n I i a 0 A 8 0 r C r I I i T i r i D a u r y e r • I s r d 0 r t • t • r • 0 I • C 'fop C 0 i ID p t r t l a 1 G r a h y C C V r C s l 0 r 1 I r n u L L 0 8 C r r u t y t y t d N • l o( i i • p e r r h C t g t • C i 0 r r • i r u i 1 b f i i e • • • r " r n .. r t 1 y • h u " V • Unit Unit " d 0 C 1 a I 0 i r 8 r • h n z 1 1 1 1 i p C 0 C C 1 t • t • • t d It 8 • b " 0 l s s s s s t ::::.:- .. = = = = = = = = : = = : = = = = : : = = = = = = = = = = = = = = = = = = = = = = = = .. 
90 7938. 5 2 X X X X X X X 90.5 7939.0 0 
91 7941.0 8 X X X X X X X 92 7941.9 9 X X X X X X X X 
93 7943.0 9 X X X X X X X 
94 7943.5 8 X X X X X X X X 
95 7945.8 8 X X X X X 
96 7948.4 8 X X X X X X X 97 7948.7 8 X X X X X X X X X 98 7951.4 ll X X X X X X X X X 99 7952.9 9 X X X X X X X X X X X 
100 79!>4.8 ll X X X X X X X X 
IOI 7956.2 0 X X X X 
102 7957.8 6 X X X X X X X 103 7960.0 1 X X X X X X 
104 7962.5 8 X X X X X X X X 
105 7963.6 8 X X X X X X 
106 7964.8 3 X X X X X w 107 7965 .0 8 X X X X X X X X CF, 
108 7969.S 2 X X X X X X X °' 109 7971. 7 8 X X X X X X X X X X X X X 
110 7974.1 9 X X X X X X X X X X 
Ill 7975.5 9 X X X X X X X X X X 
112 7976.0 9 X X X X X X X X X X X X X 113 7978.0 8 X X X X X X X X X X X X 
114 7978.4 9 X X X X X X X X X X X X 
115 7979.8 8 X X X X X X X X X X X X 
116 7980.5 9 X X X X X X X X X X X 
117 7982.6 9 X X X X X X X X 
118 7983 .6 9 X X X X X X X X X 
119 7988.1 ) X X X X X X X X X X 
120 7989.0 4 X X X I X X· X 
121 7991. I 4 X X X X X X 
122 7993.1 3 X X X X X X X X 
123 7993.6 8 X X X X X X X X X X X 
124 7995.8 2 X X X X X X X X X X X X 
125-5 8000.0 0 
ns 8075 . 0 4 X X X X X X X X X X 
126 8077. 9 3 X X X X X X X X X X X X X 
127 11079. I 4 X X X X X X X X X X X 
128 6080 . 7 7 X X X X X X X X X X 
129 80111 .) 3 X X X X X X X X 
130 8082.3 7 X X X X X X X X X X X 
131 8082.7 3 X X X X X X X X X X X X X X 
132 8085 .5 4 X X X X X X X 
Well 7918 
lleptl, ~· t: p I L C N C F B E 8 s C B H C s C s A p F C II X C H B B B p s H C L N H H s 
"' d 0 p 0 I n I i a 0 A • 0 r C r I I i T i r i D • u r y e r II I s r d 0 r t • t • r • 0 I • C Top C 0 i .. p t r t l s l • r • h y C C V r C s l 0 r 1 g r n u L L 0 B C r r u t y t y t d N • 1 of l i • p e r r h C t g t • C i 0 r r • i r u i 1 b t i i e • a a r • r n " r t l y • h u H V • Unit Un it e d 0 C l • 1 0 i r a r • h n z l l l l i p C 0 C C 1 t • t • • t d It 8 • b H 0 l s s s s s t = =~.:;: = = = = = = " = = = = = .. = = " " ~ = = = = = = = " " = " = = = = = = = = 
133 808b.O 2 X X X X X X X X 
134 ll06i .S 4 X X X X X X X X X I I 
135 llOtl/. I I X X X X X I X X X X 
136 8091.3 I X X X X X X I 
137 1!091 .7 2 X X X X X X 
138 ll092.4 4 X X X X X X 
139 80Y2.b 2 X X X X X X X X X X 
140 80\14.5 I X X X X X X X X 
14 1 809S.O 2 X X X X X X I 
142 8099.2 I X X X X X X X 
143 809'1.) 4 X X X X X X X X X I X 
144 IH02.> 8 X X X X X X X X 
14S 6102.ll 2 X X X X X X X X X 
146 810).2 2 X X X X X X X I X 
147 8101!.9 I X X X X X X X X X X 
148 8109.1 1 X X X X X X X X 
149 610'1.8 l X X X I X X X X 
150 6110.6 4 X X X X I X X X X ..,.; 
151 8112.1 2 X X I X X X "' '1 152 6113 .0 7 l( X X X X X X X 
15) 8 113 .4 2 X X X X X X X 
154 8113.6 4 X X X X X X X X X X 
155 81 15.3 4 X X X X X I X X X X X X 
15 6 8118.3 4 X X X X X X X X X X X X 
15 7 8 121.0 4 X X X X X X X X X 
158 8123.5 1 X X X X X X X X X X X X 
159 8125.4 2 X X X X X X X X X X 
160 8126.) 4 X X X X X X X X 
161.S' 8129.4 0 
161 8135 .{l I X X X X X X X X X 
162 8136. 9 2 X X X X l X X X X 
163 8139.5 1 X X X X X X X X 
164 8140. 1 2 X X X X X X X X X X 
165 8141. 5 2 X X X X X X X X X X X 
166 8142.7 4 X X X l( X X X X X X X X 
167 6146.0 2 X X X X X X X X X 
168 8149.3 l X X X X X X X X X 
169 8 151. 9 2 X X X X X X 
170 8154.0 2 X X X X X X X X 
171 8155.5 3 X X l( X X X X X l( 
17 2 6156.4 I X X X X X X X X X X X 
173 8161 :':I 2 X X X X X X X X X X 
174 8163.9 I X X X X X X X X X X X 
17 5 81!>9.0 I X X X X X X X X 
176 8171. I 3 X l( X X X X X X 
llell 7918 
Depth F C p I L C N G F B E B s C B " G s C s A p F C • X G " B 8 8 p s " C L N " H s to a 0 p 0 I n I i • 0 A a 0 r C r I I i T i r i D a u r y e r .. I s r d 0 r t • t • r a 0 I • C Top C 0 i .. p t r t l • 1 s r • h y C C V r C s 1 0 r 1 g r D u L L 0 8 C r r u t y t y t d N • 1 of i i s p e r r h C t 8 t a C i 0 r r • i r u i 1 b f i i e • • • r e r n .. r t 1 y • b u " V • Unit Unit e d 0 C 1 • I 0 i r • r • h n :r; 1 1 1 1 i p C 0 C C 1 t • t • • t d Ir. g • b " 0 1 s s s s s t :::;: ----- = = - = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
177 817 2.2 7 X X X X X 178 8112 . f> 3 X X X l X X X 179 8172.9 7 X X X l X X l l 180 8 174 .5 7 X X X X X X 
181 8175.4 4 X I( X X X X X 
182 8176.1 7 X X X X 
183 8179 . 3 3 X X X X X X 184 8179.6 7 I( X X X X X X X X X X 
185 8179. 7 3 X X X I( X X X I I 
1&6 8179.8 8 X X X X X X X l 
187 8180.4 9 X X X X X X X X X 
188 8 181.0 4 X X X X X X l l 
189 8181 . f> 7 X X X X X X 
190 8182 .0 3 X X X l X 
191 81&3 .1 4 l X X I 
192 8183.2 7 X X X X X X X 
193 8183.3 4 X X X X X X X l I 
194 8183.4 7 X X X X X X X w 195 8183.5 4 X l X X X I J', 196 81M.I 7 X X X X X X X X X X X 00 
197 8184.4 4 X X X X l 
198 8184.6 8 X X X X X X l X X l 
199 8185.3 4 X X l X X X X 
200 8186.2 4 X X I I X l 
201 8187.2 1 X X X l l l X X X 
202 8191.8 8 X X X X X X l X X l l 
203 8193.3 2 X X X X I 
204 8193.8 4 l X X X X X l X X 
205 8195.3 4 X X X X X l l X X l X l 
20b 81911.0 4 l X X X X l l l X X l 
207 8198.3 7 X X X X X X X 
208 8200. 2 4 l X X X l l X X l 
209 8200.4 7 X X X X l X X 
210 8200.f> ) X l X l l l X l X 
211 8200.9 7 l X l X X l X 
212 8202.6 3 l X X X I X X X 
213 8204.5 2 X X X X X X l l 
214 8205.7 l X X X X X X X X X 
215 8206.4 4 I( X X X X l X X X X 
216 8211. I 4 X X X X X X X X X X X X 
2 17 8215 .5 7 X X X X X X X X 
218 8219.2 I X X X X X X X X X X X 
219 8223.9 7 X X X X X X X X X 
220 8225.2 7 X X X X X X l X X 
221 8225 . 8 7 
Well 7918 
Depfh F C p I L C N G F 8 I! 8 s C 8 H G s C s A p F C • X G H 8 8 8 p s H C L N H H s to u 0 p 0 I I i .. 0 A .. 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Tc.1, ~ 0 i m p t r t 1 a 1 8 r • h y C C V r C s l 0 r l 8 r D u L L 0 8 C r r u t y t y t d N • o t i i • p " r r h C t g t • C i 0 r r • i r u i l b f i i e • • • r e r n w r t l y • h u H V • Unit Unit ~ d 0 C 1 a I 0 i r " r ID h n "' I l l l i p C 0 C C l t • t • • t d k 8 • b H 0 l s s s s s t = = = = = " = = = = " = = = = = = = = = = = = = = = = = = 
222-S 8226.0 u X X X X X X X X X X X X 222 8230.0 7 X X X X X X X X X X 223 8230.7 1 X X X X X X X X 224 8231.8 7 X X X X X X X X 
225 8234.6 4 X X X X X X X X X X 226 8235.6 7 X X X X X X X X X X 227 82311.4 2 X X X X X X X X 221l 8238.o 1 X X X X X X X X 
229 8240.7 4 X X X X l X 
230 8240.8 I X X X X X X X 
131 8241.0 1 X X X X X X X 
232 8241.3 5 X X X X X X X X 
233 824~., 5 X X X X X X X X 
234 8240.l ~ X X X X X X X 
235 8246.5 1 X X X X X X X X 
236 8246.7 ' X X X X X X X X 237 821,1!.3 I X X X X X X X X X X X 
238 82411.8 4 X X X X X X X X X 
239 8250.5 X X X X X X X w 3 a-240 8250.9 3 X X X X X X X '° 241 8251.3 4 X X X X X X X X X X 242 8252.5 4 X X X X X X l X X X X 
243 8253.4 4 X X X X X X X X X l 
244 8253.8 7 X X X I X X X 
245 8254.7 3 X X X X X X l X X X 
246 8254.9 1 X X X X X X 
247 8256.2 5 X X X X X X X X X X 
248 82)7.5 ) X X X X X X X 
249 8259.9 7 X X X X X X X 
250 8261.8 3 X X X X X X X 
251 8264.1 1 X X X X X X X X X X 
252 8264.5 ] X X X X X 
253 8264 . 6 2 X X X X X X X X X X l 
254 821>5 . 2 4 X X X X X X X X 
255 8266.5 ] X X X X X X 
251> 8266.9 I X X X X X X X X 
257 ll267 .4 I X X X X X X X X X 
251l 8269.4 7 X X X X X X X 
259 8269.5 4 X X X X X X X X X X X 
260 8269.li I X X X X X X X X 
261 ll270. ) 4 X X X X X X X X X 
262 827J. 9 4 X X X X X X X X X X 
263 8274.) 4 X X X X X X X X X 
264 fl274.4 3 X X X X X X X X X 
265 82n.o 4 X X X X X X X X X X 
Well 7918 
Depth F C p I L C N C p 8 E 8 s C 8 11 C s C s " I' p C • X C 11 8 8 8 p s 11 C L N 11 " s to a 0 p 0 I n I i • 0 ,. • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r \'. • \'. • !' • 0 I • C 
Top C 0 i .. p t r t 1 8 1 • r • h y C C V r C s l 0 r l g r D u L L 0 II C r r u \'. y \'. y \'. d If • 1 
of i i s p e r r b C t g t • C i 0 r r • i r u i l b f i i e • • • r • r D V r t 1 '1 • h u " V • Unit Unit e d 0 C 1 • I 0 i r • r • b n " 1 1 1 1 i p C 0 C C l t • t • • t d k a • b 11 0 1 s s s s s \'. ;:::=: = = = = = = = = = = = = = = = = = = = = = = = . = = = = = = = = = = = = = " = 
266 8276.1 3 X X X X X X X X 
267 8276.8 I X X X X X X X 
268 8276.';1 4 X X X X X X X X X X 
269 8277 .4 4 X X X X X X X X X X X 
270 82711.2 7 X X X X X X X X X 
271 8279.2 3 X X X X X X X X 
272 8279.9 I X X X X X X X X X 
273 8281.9 I X X X X X X X X X X X 
274 8282.5 4 X X X X X X X 
275 8283.0 9 X X X X X X X 
276 8283.6 1 X X X X X X X X X 
277 8285.4 5 X X X X X X X X 
278 8285.8 4 X X X X X X X I 
279 8286.9 0 X X X X I 





Depth F C p I L C N G f B E B s C B H G s C s A p f C • X G H B B B p s H C L N " " s (0 • 0 p 0 I n I i a 0 ,. • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 i m p t r t l • l • r a h y C C V r C s l 0 r l g r n u L L 0 B C r r u t y t y t d N • l o t 1 i B p e r r h C t g t • C i 0 r r • i r u i l b t i i e • • • r e r n w r t l y • b u " V • Unit Unit " d 0 C l • I 0 i r • r • h n z l l 1 l i p C 0 C C l t • t • • t d k g • b " 0 l s s s s s t ::: :;:.;.. = = = = = = = = = = = = = = = = = = = = = = - - - - = = = = = = = = = = = = " = = = = = = = 
I 3398 . 0 4 X X X 2 3399. l 4 X X X X 
) 3399 . 8 2 X X 4 3400 . 2 4 X X X X 
5 3400 . 5 4 X X X X X 
b 3400 . 8 4 X X X 
7 3401.0 4 X X 
8 3401. 2 4 X X X X X X X X 
9 3401.8 3 X X X X X X X X X 
10 3403.0 3 )( X X X X X X X X 
II 3403.3 3 )( X X X X X X X X 
12 3404.0 3 X X X X X X X X X X 
13 3404.8 3 X X X X X X X X X X X X X 
14 3406 . 7 4 X X X X 
15 3409.3 3 X X X X X X X X X X X X X 
16 )409.6 4 X X X X X X X X X X X 
17 3409.9 3 X X X X X X X X X X 
18 3410.6 3 X X X X X X X X 
19 3410.6 4 X X X X X X X X w 
" 20 3411.6 4 X X X X ..... 21 3411.8 4 X X X X X 
22 3412.'.> 4 X X X 
23 3412.6 4 X X X X 
24 3412.7 ) X X X X X X X X X X 
25 34 16.0 3 X X X X X X X X 
26 3416.7 4 X X X X X X X 
27 34 16 . 9 3 X X X I X X X X X X X 
28 34 17 . 8 3 X X X )( X X I 
29 3418.2 3 X X X I X X X X X 
30 3418 . 5 3 )( X X X )( X X 
31 3419 . 3 4 X X X X X X X 
32 3421.0 4 X X X X X X X 
33 3422.0 4 X X X X X X X I I X 
34 3423. 4 4 X X X X X X X X 
35 3425.9 3 X )( X X X X X X X X I X 
36 3427 .0 3 )( X X X X X X X X X 
37 3427 .5 4 X X X X 
38 3428.4 3 X )( )( X X X X 
39 3428.5 4 X X X )( 
40 3431. 7 4 X X X 
41 34)1.tl 4 )( X X X X X X 
42 3432. 9 I )( X )( X X X X X 
43 341) .8 4 X X X X X 
43 .5 3434.0 0 
44 3435.0 I X )( X X I 
llell 7936 
Depth ~- C p I L (; N C F B E B s C B H C s C s A p F C • X C H B B B p s H C L N " H s to a 0 p 0 I n I i a 0 A & 0 r C r I I i T i r i D a u r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 i m p t r t 1 • l • r • h y C C V r C s l 0 r l I r n u L L 0 B C r r u t y t y t d N • 1 of i l • p e r r h C t g t • C i 0 r r • i r u i l b f i i • • • • r e r D V r t l y • h u " V • Unit Unit " d 0 C l a I 0 i r & r • h n z l 1 l l i p C 0 C C l t • t • • t d It I • b H 0 l s s s s s t ===•= ----- = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
45 H35.5 4 l X X l X 
46 3436.5 4 X X I I l 
47 3437 . 0 2 ll X 
48 3439.4 4 X X X X X I 
49 3439.8 4 l X X l l 
50 3440.0 4 X X X X 
51 3440.7 4 l( X X X l X ll 
52 3442.6 4 X X X 
53 J443.6 4 X ll X 
54 3444.tl 4 X X l X 
55 344/.5 4 l I I X 
56 3450.0 4 I X X X l I I 
57 3452 .0 2 X 
58 3452.2 4 X I X ll X X 
59 345).6 4 X l X I X I X 
60 3454.4 4 I I X I X I I 
61 3455.6 4 l X X X l X 
62 3456.2 4 X X J( l X X X X 
63 3457.3 4 I I ,.,., 
-....J 64 3457.7 4 X l I r.) 
65 3458.1 4 I I X 
66 3458.9 4 X X X X l 
67 3459.7 4 I l l X 
68 ) 460. 7 4 X X I I X 
69 3461.4 4 I l l I I 
70 3461.5 4 X X 
71 3462.u I X X X X X X 
72 3462.2 3 X X x· X X X X I I I 
73 3462.3 3 X X X X X X X X X 
74 3461.6 3 X X X X X X X I 
75 3462. 7 3 l( X X X X X X X I X 
76 3463.) 3 X X X X I X X X I X 
77 3463.8 3 X X X X X X I X X X 
78 3465.3 3 X X X X X X I X 
79 3466.3 1 X X X X X X X I X X 
79.5 3467.0 0 
80 3468.0 l X X X X X X X X X X X I I X 
81 3468.9 3 X X X X X X X X I I 
82 3470.0 3 X X X X X X X I I I X X I 
83 3470 . 5 4 X X X X X X I X 
84 ]472.0 4 I X I X 
85 3473.0 4 X X X I X 
86 3473.4 4 X I X X 
87 3473.tl I X X X X X X I X X 
88 3474.2 I X X X X X X X 
\/ell 7936 
lleptl, f' C p I L C N C F B I! B s C B H C s C s A p F C • X C H B B B p s H C L N H H s to a 0 I' 0 I n I i • 0 A • 0 r C r I I i T i r i D • u r y e r • I s r d 0 r t • t • r • 0 I • C Top C 0 j .. p t r t I 8 l • r a h y C C V r C: s l 0 r l g r D u L L 0 B C r r u t y t y t d N • o f i i " p e r r h C l 8 t a C: i 0 r r • i r u i l b f i i e • • • r e r n .. r t l y • h u H V " Uni t Unit C d 0 C 1 8 I 0 i r 8 r .. h n 2 1 l l 1 i p C: 0 C C l t • t • • t d k g • b H 0 l s s s s s t ;==== ==~;..:.. = ~ = = = = = = ~ = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
89 H74 . 6 1 X X X X X X X X 90 3475 . 0 1 X X X X X X X X X X X X X X l 91 ) 477. 3 3 X X X X X X 
92 ) 471! .6 3 X X X X X X X 
93 3479.0 3 X X X X X l 
94 3479. 1 1 X X X X X X X X 
95 348 1.9 1 X X X X X I X X 
96 34113.2 I X X X X X X X X X X 
97 3486.4 1 X X X X X X X X X X X 
98 3488.5 I X X X X X X X X X l X I X X I 99 3490.9 1 X X X X X X X X I X X 
100 3492.2 1 X X X X X X X l X X 101 3493.7 I X X X X X X X X X 
102 3496.4 I X X X X X X X X X l X X X X X 103 3497 .5 1 l( X X X X X I X X 
104 3499.8 I X X X X X X X I X l l X I I 
105 3500 .5 I X X X X X X X X X X X X 
106 3501 .6 I X X X X X X X X X X X X X X X 
107 3504.4 I X X X X X X I I X X w 108 3506 .0 I X X X X X X X X X X X X -....J 
109 35 10.2 1 X X X X X X X X X l w 
110 3510.5 I X X X X X X X I X l X 
111 35 11.5 1 X X X X X X X X X X l 
112 3513.8 I X X X X X X I 
113 35 16.0 1 X X X X I I X X X X X 
114 3518.5 I X X X X X X X X I X I X X X X 
115 35 19.1 I X X X X X X X X l I X 
116 3520.0 I X X X X X X X I X l X 
117 3522. 5 1 X X X X X X X X X 
118 3523 . 0 I X X X X X I I I l 
119 3524. 7 1 X X X I X X X X 
120 3525.0 I X X X X X X 
121 3S2S . 4 I X X X I X I X X 
122 3526.9 1 X X X I X X X X 
123 35 27. 4 I X X X X X X X X X X X 
124 3527 .9 4 I X X X X 
125 3529. I 1 X X X X X X X X 
126 3530.0 I X X X I X X 
127 35)0.9 I X X X X X X 
128 3532.S 1 X X X X X X 
129 3533.4 I X X X I X X 
130 3533. 6 I X X X X X X X X X X X X X 
131 )535.1 4 X X X X X 
IJ2 3535.5 1 X X X X I X 
133 )536.3 1 X X X X X X I X X 
Depth F C p I L C N C F B I! B s C B H 
to a 0 p 0 I n ( i a 0 ,. a 0 r C r I I i T i 
Top C 0 i m p t r t l • l • r • h y C C V r C o t i i 5 p " r r h C t & t • C i 0 r r • i r Unit Unit " d 0 C 1 a I 0 i r • r • h n % l l l 1 i ====::: ;.;:: : ~ = = = = " = = = = = = = = = = = = = 3 
134 3~37.6 2 
13~ 3!>37 .8 l X X X X X 
136 3S38.6 I X X X X X 
Well 7936 
C s C s ,. p p C • X C H 
r i D a u r y e r • I s r d s l 0 r l ' r n u L L 0 B C u i l b f i i e • • • r e r 
p C 0 C C 1 t • t • • t d It = = = = = = = = = = = = = = 
X X X 
X X X 
B B B p s H C 
0 r t • t • r 
r r u t ., t y 
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I 5730 . 0 12 X X X X 
2 5730.8 II X X X X X 
3 5731.5 II X X X X X I 
4 5732 . 2 II X X X X X X I 
!> 5733 .5 ll X X X X 
6 !>7J4.) 11 X X 
7 5734.11 11 X X X I 
8 5735 . 6 11 l X X X 
9 5736 . 8 11 I X X X l I 
10 5738 . I ll X X X X l l 
II 5739 . I 3 X X X l 
12 574 1. 0 ] X X X X X I X 
13 5741.7 10 X X X X X X X X X X 
14 5745 . 5 5 X X X X X X X X X X 
15 5746.2 8 X X X X X X X X X I X X X X X 
16 571,7.9 8 X X X X X X X X X X X 
17 5748.4 8 X X X X X X X X X X X l X 
18 5748.7 8 X X X X X X l l l l l w 
19 5750.7 10 X X X X X X X X l ....., 
20 5751.7 10 X X X X X X X I I V, 
2 1 5752.7 10 X X X l X X X X 
22 5753.9 10 X X X X X I X X X X X I 
23 5754 . 2 10 X X X X X X X 
24 5755 .1 10 X X X X I X X X X I 
25 5757.5 10 X ll X X X X X X X 
26 5758.4 10 X X X l X X X X l 
27 5759.4 10 X X I X )( X X X l 
28 5759 .9 10 X X X X X X X I X I 
29 571>2. I 10 X X X X X X I X X 
30 !>7b4.0 10 X X X X X X 
31 57b4.9 10 X )( X X X X X X X X X X X X X 
32 5765.9 8 X X X X X X X X X X X X X X 
33 5767.1 6 X X X X X X X X 
34 5768 . 5 9 X X X X X X X X l 
35 5710.0 9 X X X X X X X X l 
36 5771.5 4 X X l X X X X X X 
37 5772 . 5 12 X X X 
38 5713.3 12 X X X 
39 5774.5 4 X X I X X X X X X l 
40 5776.0 l2 X X X X 
41 5778 . 0 12 X 
42 5778 . 8 ll X X X X X 
43 5779.2 6 X X X X X X X X X 
44 5779.5 12 X X X X 
45 5 7110.5 12 X X 
Well 8794 
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46 5781.4 ll I I X X X 47 5781.7 12 X X X l[ 48 5783 . 8 12 I l[ 49 5785 .0 0 X l[ X X X X so 5786 .0 12 
X X 5 1 5788 .0 0 I X X X X X 52 5788 . 2 12 X l[ X X 53 ~7'11.2 II l[ X X X 54 5791 . 4 12 
X X 55 5793.9 12 X l[ X X X 56 5794.8 II X X X X X I 57 5J<J>.O 12 l[ 
X X 58 5795.3 11 X X X X X 59 5795 . 5 12 
X 60 5796.7 12 I X X 61 5797 . 0 12 
l X X 62 5797.5 12 
X 63 5800. 1 12 
l X w 64 5803 . 3 12 
X X ...... 65 5804 .5 12 
I X (]\ 66 5805 .4 12 
l X 67 5806 . 6 12 
l X 68 5807 .5 12 I X l X X 69 5808.0 11 X X X l 70 5809. 0 3 l l I I I 71 5814.0 3 X l X 72 5815 .o 2 X X X X l l l l I l X l I l 73 58 16 . 5 I X X X X X I l X 
74 5820.3 10 I X X l X l 75 5820.5 I X X l[ l X X X 76 5822 .1 9 X X X X l[ l[ X l[ X 
17 5823.3 5 X X X X l X 78 5824.3 3 X X l X 79 5824.7 4 X X l X l[ 
80 5825.0 7 X X X l[ X X I X 8 1 5826 . 3 I X X X X X X X l[ I X X 
82 5828 . 0 I X X X X X l X X I X X X X 83 5828.1 6 X X X X X X X X X l[ I X 84 5829.5 1 l X X X 85 5829.7 0 X l l 86 5830.3 6 X X X X X X X l l 87 5831 .3 2 X X X X X X l l l l l l X 88 5832.0 I X X X X X X X l X 89 5833. 2 2 X X X X X X X X X X X 
90 51134.5 2 X X X X X X X X X X X 
Well 8794 
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91 >837.5 2 X X X X X X X X X X X l 
92 5838.0 2 X X X X )( X X X X X X X 
93 5839.0 9 X )( X X )( X X X X X X X X X X X 
94 51l4().3 9 X X X X X X X X X X X X 
95 5840.6 9 )( X X X X )( X X X X 
9b 5840.8 ') X X X X X X X X 
91 5840.9 9 X X X X X X X X X X 
98 5845.0 2 X )( X X X X X X X X X 
99 5847.6 2 X X )( X X X X X X X X 
100 ~8411.3 2 X X X X X X X X X X X X 
101 5848.7 6 X X X X X X X X X X X 
102 51!49.5 I X X X X X X X X 
103 51!50.0 9 X X X X X X X X X X X X 
104 5852 .6 ] X X X X X X X X X X X X X 
105 \8)2.9 I X X X X X X X X X 
106 585'.LO 9 X X X X X X X X X I 
107 5855.6 I X X X X X X X X X X 
108 5856. 5 7 X X X X X I X 
109 5857 .5 I X X X X X X X X w 
-...J 110 5858.0 1 X X X X X X X X X X -...J 
111 5858.3 I X X X X X X X X X 
112 5859.2 7 X X X X X X 
113 5860.l 1 X X X X X X X X X X X X X X X X 
114 5810.7 9 X X X X X X X X 
115 5872.3 2 X X X X X X X X X X X 
116 5872. 5 2 X X X X X X X X X X l X X 
117 5874.0 2 X X X X X X X X X l X X 
118 5874.5 6 X lt X X I X 
119 5874.6 2 X X X X X X X X I 
120 5875.0 4 X I X X X 
121 5875. l 2 X X X X X X I ll X X 
122 587S. 5 4 X X X X X X 
123 5875.6 2 X X X X X I X X X X X 
124 5876. l I X X )( X X X X X X X X 
125 5876.2 2 X X X X X X X X 
126 51176.3 I X X )( X X X X X X X X 
127 5876. 5 4 X X X 
128 5876 .6 I X X X X X X X X X ll X 
129 ~876.7 I X X X X X X X X X I 
130 5876.8 I X X X X X X X X X X X X X X X X 
131 5877. 3 I X X X X X X X X X X 
132 5877. 6 2 X X X X )( X X X X X X X X 
D3 5877: 8 '• X X X X X X 
134 5877. 9 I X X X X X X X X X X 
135 5818.1 I )( )( X X X lt lt ll X X X 
llell 8794 
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136 587 8. 2 2 X X X X X X X X X X X X X 
137 5878. 7 4 X X X X X X 
138 58/8 .8 l X X X X X X X X X X X X 
139 5878.9 l X X X X X X X X X 140 5879.0 9 X X X X X X X X X X X X X 
141 5879.3 4 X X X X X X 
142 5879.4 2 X X X X X X X X X X X 
143 5879.) 4 X X X X X X X 
144 5879.6 2 X X X X X X X X X X X X I 
145 5879.7 4 X X X X X 
14b 5879.8 l X X 1( X X X X X X X 
147 51179 .9 l X X X X X X X X X X 
141l 5880.0 5 X X X X X X X X X X X X X X X 
149 S880.5 2 X X X X X X X X X X X X X 
150 S8ll2.J l X X X X X X X X X X X X 
151 588).0 l X X X X X I X X X X 
15 2 5886.2 l X X X X X X X X X X X 
l SJ 5888. 7 5 X X X X X X X l( l( X X 
154 5889.) 1 X l( X X l( l( X X X X X X w 
-...I 155 5892.0 9 l( X X X X X X X I X l (P 
156 5893.2 5 X X X X X X X 
157 5894.0 1 X X X X X X X X 
158 5896. 4 I X X X X X X X X X X X X X 
159 5896.8 5 X X X X X X X X X X X X X X X 
160 5900 . 7 1 X X X X X X X X X X 
161 5901.5 I X X X X X X 
162 5901. 7 I X X X X X X 
163 5901. 9 I X X X X X X X I 
164 5902.2 7 X X X X X X X X X 
165 5902.9 l X X X X X X X X X 
166 5903 . 3 6 X X X X X X X X 
lb7 5904.8 I X X X X X X X X X X X X X 
168 5905.5 2 X X X X X X X X X X X X X I X 
169 5906.9 1 X X X X X X X X X X X X X X 
170 5909.5 l X X X X X X X X X X 
171 5910.2 l X X X X X X X X 
17 2 5911.4 l X X X X X X X X X X 
173 5912.0 2 X X X X X X X X X X X 
174 5913. 4 2 X X X X X X X X X X X X 
17 S 5914.7 I X X X X X l( l( l( 
176 5916.7 I X X X X X X X 
177 5916.9 I l( X X X X X X 
178 59 18. 5 l X X X X X X X X X X X X 
179 5919.9 6 X X X X X X X X X X X X X 
180 5928.3 9 X X X X X X X 
Well 8794 
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181 5930.9 1 X X X X X X X X X 
182 5931. 7 7 X X X X X X X I X 
183 5932 .8 1 X X X X X X X X X 
184 5934.0 I X X X X X X X X X X X X 
185 5935. I 9 X X X X X X X X X X 
186 5936.1 5 X X X X X X X 
187 593/.2 1 X X X X X 
188 S939.7 I X X X X X X X X X X X X X 
189 ~945.0 7 X X X X X X X 
190 5946.6 I X X X X X X X X X X 
191 594b.8 2 X X X X X X X X X X X X X 
192 5947.9 l X X X X X X X X X X 
193 5<,148.3 1 X X X X X X X X 
194 5948.5 I X X X X X X X X X 
195 5948.8 1 X X X )( X X X X X X X 
196 5949.0 1 X X X X X X X X X 
197 5949 . 5 2 X X X X X X X X X X 
198 5950.7 1 X X X X X X 
199 5950.8 2 X X X X X X X X X X X :..,.; 
-...J 
200 5951.8 I X X X X I X X X X '° 201 5952.6 9 X X X X X X X 
202 5956.0 l X X X X X X X X X X 
203 5956.5 1 X X X X X X X X X 
204 5956.9 I X X X X X X X X X X X 
205 5958.3 5 X X X X X X X X X X X X 
206 5960.3 9 X X X X X X X X X X 
207 5962.7 9 X X X X X X X X X X X 
208 5964.2 8 X X X X X X X 
209 5967.7 8 X X X X X X X X 
210 5968.3 5 X X X X X X X X X X X 
211 5970.0 5 X X X X X X X X X I 
212 5970.5 6 X X X X X X X X X 
213 5970.7 5 X X X X X X X X X X X 
214 5971.0 6 X X X X X X X X X X 
215 5972 . 0 1 X X X X X X X X X X X 
216 5972.8 5 X X X X X X X X X I X X 
217 5973. 9 6 X X X X X X X X X X 
218 5974 . 6 9 X X X X X X X X X X X X 
219 5975.5 8 X X X X X X X X X X X 
220 5976.0 9 X X X X X X X X X X 
221 5977 .1 4 X X X X X 
222 5',179. 3 8 X X X X X 
223 5962.4 8 X X X X X X X X X X X X 
224 5984.5 8 X X X X X X X X X 
225 5984.7 9 X X X X X X X X X 
Well 8794 
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226 5965. l 8 X X X X X X X X X X 
227 596S.5 !I X X X X X X X lt X 
228 5980.J ti X X X X X X X X X 
229 !>988. 1 ti X X X X X X X X X X X X 
230 5989.Cl I X X X X I X X X X X I 
231 5990.b 2 X X X X X X X I X X 
232 5992.6 ,, X X X X I X X X 
233 S997.7 I X X X X X X l lt X X I 
234 5994.8 5 X X X X X X X X X X 
235 5995.1 9 X X X X X X X X X X X X X X X 
23b 5995.5 5 X X X X X X X X X X X 
237 599~.6 6 X X X X X X X X X 
236 5996 . 0 l X X X X X X X X X X X X 
239 5991:L 5 9 X X X X X X X X X X X 
240 5999.1 " X X X X X X X X X 241 5999.5 9 X X X X X X X X X X X 
242 6002.3 6 X X X X X X X X X X 
243 6002.6 s X X X X X X X I X X X w 244 6002.9 5 X X X X X X X X X I CJ:> 
24S 6004. 1 1 X X X I X I X X :) 
246 6004 .3 I X X X X X X X X I 
247 6004. 7 s X X X X X X X I X X X X X 
248 6009.4 l X X X X I X X X X X 
249 6009 . 6 8 X X X X X X X X lt X X 
250 6010.2 4 X X X X X X X 
25 1 6011. 2 6 X X X X X X X I X 
252 6011.6 9 X X X X X X X X 
253 6013., 9 X X X X X X X X X X 
254 6014.4 9 X X X X X X X X X X X 
255 6014.8 5 X X X X X X X X X I X X X 
256 60 15 .8 5 X X X X X X I X X X X I 
257 6017.2 I X X X X X X X I X X X X 
256 6011 . 5 1 X X X X X X X X X X 
259 60 17.7 5 X X X X X X X X X 
260 60 17.9 l X X X X X X X X X 
261 6018 . 9 I X X X X X X X X X X 
262 6021.0 I X X X X X X X X X X X I X X X 
263 6021.2 5 X X X X X X X X X X 
264 6022. 7 l X X X X X X X X X X 
265 6023 . 7 'J X X X X X X X X X l X X 
266 6025. I I X X I X X 
267 6027 .o l X X X X X X X X X X 
268 60V. 7 9 X X X X X X X X X X 
269 0032.1, 6 X X I X X X X X 
270 6032.5 5 X X X X X X X X X X X X X X X 
Well 8794 
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271 6032.8 6 X X X X X X X X X X X X X X X X 
272 6034.5 0 X X X X X X X X X 
273 6034.8 9 X X X X X X X X X X X X X 
274 6037 .o 0 X X X X X l I X X X 
275 6037 .6 0 X X X X X X X X 
276 6038.7 I X X X X X X X X X 
277 6040.1 I X X X X X X X 
276 6044.5 I X X X X X X I l I I X X 
279 604'•.9 0 X X X X X 
280 601,5 .0 I X X X X X X X X X X X 
281 6045.6 0 X X X X X X X 
282 6046 ,6 10 X X X X X X X X 
283 6046.8 0 X X X X X X X X 
284 6047 .0 0 X X X X X 
2tj5 t,047.2 0 X X X X X 
28b 6051.1 0 X X X I 
287 6051. 2 0 X X X X X 
288 6052.1 5 X X X X X X X X X X X 
289 6054.6 10 X X X X X I X I X X ...,.) 
290 6055,) 8 X X X X X X I X X l 00 ,...... 
291 6056.1 10 X X X X X X X X X X 
292 6056.4 9 X X X X X X X X X X X 
293 6056.6 0 X X X ll X X ll 
294 60S7.5 5 X X X X X X X X X X X 
295 6058.0 10 X X X X X X X X X X 
296 601>5. 2 10 X X X X X X X I X X 
297 1>067.0 10 X X X X X X X ll X X 
298 6068.1 10 X X X X ll ll X X 
Well 9248 
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l 4421.0 8 X X X X 2 41,21.~ 6 X X X X X 3 4422.5 () X X X X X 4 4423.5 10 
X X X X 5 4424.4 10 
X X X X 6 442S . <, 10 
X X 7 4426.2 10 X X X 8 442M.4 10 
X X X X 9 4430.5 tO X X X 10 4431.9 6 X X X X 11 4433.8 5 X X X X X 12 4433.9 6 X X X X X 13 4435.1 10 X X X X X 14 4435.7 6 X X X X 15 4436.1 7 X X X X X 16 4436.5 5 X X X X 17 4436.9 10 X X X X X 18 4437. l (> X X X X X X w 19 4438.5 8 X X X X Ul 20 4438.9 6 X X I I X N 21 44)9.5 10 X X X X X 22 4439.7 6 X X X X X 23 4440.4 6 X X X X 24 4440.9 5 
X X 25 4441. 2 JO X X X 26 4441.9 5 X X 27 4442.6 s I X 28 4442.tl 6 X X X X 29 4443.0 8 X X X X JO 4443. J 9 X X X I X X 31 4443.5 10 X X X X 32 4443.8 10 X X X X X X 33 4444.0 8 X X X 34 4444.2 10 X X X 35 4444.5 10 X X X X 36 4444.6 8 X X X X X 37 4444.8 8 X X X X 38 4445.J 10 X X I I X X X 39 4446.7 s X X X X X X X X I X X 40 4447.6 I X X X X I X X 41 4450.4 I X X X X X X X X X X X X X 42 4450 . 7 k X X X X X X X X I X X 43 41,H.O 3 X X I X X X X 44 41,s2.s I X X X X X X X X X 45 4452.() J X X X X X X 
Well 9248 
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46 4452.9 8 I I I 
47 4453.0 4 X X X X X X X X X I 
48 4453.9 I X X X X X X X X X X X 
49 4454.1 I X X X X X X X X 
50 '•454.5 6 X X X X X X X 
51 4455.7 8 X X X X 
52 44~6.I 0 X X X X X 
53 4456.4 I X X X X X X 
54 4457. I 1 X X X I X X X I X X 
55 4458.0 5 I X X 
56 4471. 3 2 X X X X X X 
57 447 2. 4 2 X X X X 
58 44/3.0 8 X X X X 
59 4474.) 10 X X X X X X 
60 4474.9 s X 
61 4475. 7 10 X X X X X 
bl 4476.1 10 X X X X 
63 4476.9 10 X X X 
64 4477 .7 10 l X X X w co 65 4478.6 6 X X X l l X w 66 4480.0 5 I l 
67 4480.7 10 I 
68 4481.0 6 I X X X X X 
69 4481.4 10 X X X X 
70 4482.7 10 X X X X 
71 4483.3 6 X X X X I 
72 4484.7 10 X X X X X l X X I X 
73 4485.1 10 X I X 
74 4485.9 10 I X 
75 441!9.9 10 X X I X X X X 
76 4490. 7 2 X X I I X I I 
77 4493.2 2 I I X X X I X 
78 4494.0 10 X l 
79 4494.9 8 X I X X X X 
80 4496.1 8 X I X I X X X X 
Ill 449/.4 6 l X X X 
82 4497.9 6 X l X X 
83 4498.5 10 X X X X X X X 
1!4 4499.5 9 X X X 
85 4500.2 10 X X X X X X 
116 4502.5 11 X X X X X 
87 4503.11 C, X X X 
88 4501!. 5 7 X X I X X X X 
89 4510.6 6 X X X X 
90 ,.~11.1 10 X X X X X 
Well 9 248 
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91 4513 .4 7 X X X X X I 92 4514.7 10 X X I 93 4514.9 10 X X X I 94 4511> . 2 8 X X I 95 4~ l o.8 10 X X X X l I Y6 45 17.2 5 
X 97 45 17.5 7 X l X X 
98 4517. 7 5 X I 99 45 IIL 2 6 X X X 
100 4519.1 10 X l X X X l 101 4519.6 10 X X l I X I 102 45 19.7 10 X X X X I X 103 4520.2 10 X X X 104 4520.6 10 X X X X X 105 4521. 2 10 X X X I X I l l 106 4522.7 10 X l X X l l 107 4522. 9 7 X l X X I l 10 8 4524.8 7 X X X X X w 109 4525.5 10 I X X I X co 
~ 110 4526.5 10 X X I X X X 111 4527 .3 7 X I I l l 
11 2 4528 . 1 10 X X X X l 113 4528.7 10 X l X X 114 4529. 9 7 X l X X X 115 4531.2 10 X X X X 116 4531.9 9 X X 117 4532. 2 10 X I X X 118 4532 . 6 7 X I I X X X 119 4534 . 9 9 X X 120 4535.4 7 X X X X 
121.5 4537 .o 0 
12 1 4539.0 10 X l X X X X X 122 4539.5 8 X l X X 
123 4539.7 9 X X 124 4540.5 10 l I X X 125 4541. 8 7 l X X l X 126 4542.6 10 X l X l X 127 4543 . 7 10 X X X X X 128 4544./ 7 l I I l X I X 129 4545 .o 10 X X X X X 130 4546.8 10 X X X l X X X 131 4547. 1 10 X X l X 
132 454/.J ti X X X X X X X X 
133 4~47.5 7 X X X X X X X X X X 
134 4'.>48.3 10 X X l X X X X 
Well 9248 
(Jc:p1 fa r C p I L C N C F B I! B s C B H C s C s A p F C • X C H B B B p s " C L N " " s '" a 0 p 0 I n I i • 0 A • 0 r C r I I i T i r i D • u r y • r • I s r d 0 r t • t • r • 0 I • C T<>p C 0 i .. p t r t l • l s r .. h y C C V r C s l 0 r l I! r n u L L 0 B C r r u t y t y t d N • l vi i l " p e r r h C t 8 t • C i 0 r r • i r u i 1 b f i i • • • • r • r n .. r t l y • h u " V • U1\il Unit e d 0 C l • I 0 i r 8 r • h n :t l l l l i p C 0 C C l t • t • • t d It 8 • b " 0 l s s s s s t " 
135 4548 . S 10 l X X X X X 
136 ,,549.) 10 l X X 137 4550 .t, 10 l X X 138 45SI .9 10 l X X X l X X X 
139 4553 .5 I X X X X X X X X X 
140 4554.0 I X X X X X X X X X X 
141 455).0 I X X X X 
142 455:,. 9 I X X X X X X X X X X 
14) 4556.:, I X X X X X X X l X 
144 4))1!.5 I X X X X X X X X X 
14) 45)8. / I X X X X X X X X X X X X 
146 45:,9.2 I X X X X l X X X X X l 
147 4)60.t> I X X X X X X X X X X 
148 4561. 0 I X X X X X X X X X X X 
149 4561.) I X X X X X l X X X X 
150 4562.4 I X X X X X X 
151 4564.5 I X X X X l X X X X X 
152 456!>.4 I X X X X X X X X 
15) 4566.0 I X X X X X X X w 
~ 154 456/,! I X X X X X X l I X X Ul 
155 4568.1 I X X X X X X X X X 
156 4568.9 I X X X X X X X X X 
157 4569.5 I X X X X X X X X 
158 45/0.0 I X X X X X X X X X 
159 4571. I I X X X X l X X X X X X 
160 4571. 5 I X X X X X X X X X 
161 4572.9 I X X X X X X X X X X 
162 45 7J. 6 I X X X X X X l X X X 
163 4574.4 I X X X X X I X X X X 
164 1,575.4 I X X X X l X l X 
11> 5 45 /5. 7 I X X X X X X X X X X X 
166 4576.0 I X X X X X X X X X 'X 
167 4571.5 I X X X X X X X X X X 
168 4578.4 I X X X X X X X X X 
169 4578.6 I X X X X X X X X X X X 
170 4578.9 l X X X X X X X X X X l X X l 
171 4579.t, I X X X X X X X X l X X X l 
17 2 4579.7 1 X X X X X X X X X X X X 
173 4!>79.9 I X X X X l X X X l l X 
17 4 451!0. 2 I X X X X X X X X X X X 
1n 451!0 . 4 I X X X X X X X X 
176 4580. ~ l X X X X X X X X X X X X 
II/ 45111.1 1 X X X X X X X X X 
1/8 4581.2 I X X X X X X X X X X X X 
179 45111. ,, I X X X X X X X X X X X 
':1•11 9248 
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180 4581.6 I X X X X X X X X X 
181 4581.ij 1 X X X X X X X X X X 
182 4582.0 1 X X X X X X X X X X X X I I 
18) 4582.4 I X X X X X X X X X X X I I 
18'• 4S82.8 1 X X X X X X X X X I X 
185 4S83 .CJ 1 X X X X X X X X X X X X 
186 4S83.5 I X X X X X X X X X 
187 4584.0 I X X X X X X X X X 
188 4585.(l I X X X X X X X X I 
189 458S.2 I X X X X X I X X X X I I 
190 4585.9 I X X X X X X I 
191 4586.2 1 X X X X X X X X X 
192 4586 . 6 I X X X X X X X X X 
193 4586.8 I X X X X X X X X X X X 
194 4587 .4 I X X X X X X X X X X X X 
19S 4S87.8 I X X X X X X X X I( X X 
196 4589.1 I X X X X X X I( X X X X X I 
197 4569.6 I X X X X X X I X X I X w 
198 4590.4 I X X X X X X X X X X I (;:) 
°' 199 1;590.tl 1 X X X X X X X X i( X I I 200 4591.0 I X X X X X X I X X X 
201 4591.3 I X X X X X X X X X I X X X X 
202 4591.7 1 X X X I X 
203 4593.4 I X X X X X 
204 4594.8 I X X X X X I I 
205 4595. 2 I X X X X X X X 
206 4595. 5 1 X X X X X X X X X I I 
207 4S96 . 2 I X X X X X I X X 
208 4596.3 I X X X X X X I X 
209 4596.4 1 X X X X X X X I X X 
210 4596.6 I X X X X X X X X X 
211 4596.8 l X X X X X X X X 
212 4S97 .o I X X X X X X X X X X I 
213 4598.5 I X X X X X X I I X I 
21 4 4599.0 1 X X X X X X I X X X I 
215 4599.8 I X X X X X I X X X I 
216-5 4601. 0 0 
216 4741.0 l X I X X X X 
217 4742.0 l X X X X X X I X I X 
218 4742.5 I X X X X I 
219 4742.6 10 X X I 
220 4743.S ,. X X X X 
22 1 471.0.'., I X X X X X X X 
222 474b. I I X X X X X X X X X X 
223 474tJ.6 I X X X X X X X I X X 
llell 9248 
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224 4750.0 4 X X X X X X X X X 
225 4751.ts 4 X X X X X X X X 1 X 226 4752.3 4 X X X X X X X 
227 4757.7 '• X X X X X X X X 228 1,751.11 ,. X X X X X X X X X X X 219 4754.0 4 X X X X X X X X X X X 230 4754.5 4 X X X X X X X 
23 I 4755.2 4 X X X X X X X X X X X 
232 4755 . 6 4 X X X X X X X X X X 233 4756.~ 4 X 1 X X X X X X 234 4757.5 4 X X X X 1 X X X X X X 2)5 4758. I 4 X X X X X X X X X X X 1 236 4160 . 2 4 X X X X X X X X X X 
237 4760.5 4 X X X X X X X X X 
238 4761. I 4 X X X X X X X X X X X X X 
239 4761.8 4 X X X X X X X X X X X X 240 4762.2 4 X X X X X X X X 
24 1 4762 . 6 4 X X X X X X X X X X 
w 242 4763.2 I X X X X X X X X X X 
~ 243 476).6 4 X X X X X X X X l[ X X X -...J 244 4764. 1 4 X X X X X X X X X 245 4764.) 4 X X X X X X X X X 
246 4764.5 4 X X X X X X X 
24 7 4764. 8 4 X X X X X X X X X X 
248 4765.2 4 X X X X X X X X X X I 
249 4766.8 4 X X X X X X X X X X X 
250 4767 . 5 4 X X X X X X X X X 
251 4767.8 4 X X X X X X X X X X 
252 4768 . 0 4 X X X X X X X X X X X 
253 4768 . 5 4 X X X X X X X X X X X 
254 4769 . 2 II 1 X X X X X 
255 4770. 3 4 X X X X X X X l( X X I X X 
256 477 1 .6 4 X X X X X X X X 
257 477 1. 9 4 X X X X X X X X 1 X X 
258 477 2. 7 4 X X X X X X X X 
259 4773.2 4 X X X X 1 X X X 
260 4773.5 4 X X X X X X X X X 
261 4776.0 IO X X X 1 X X X 
262 4778.9 10 X X X X 1 X 1 X 
263 4779.0 4 X X X X X X X X 
264 4779.1 4 X X X X X X X X X X X X X 
265 4781.0 4 X X X X X X X X X X X X 
266 471!1;~ '• X X X X X X X X 
267 4184.5 4 X X X X X X X X X 
268 ,., 85. b 4 X X X X X X X 1 X X 
Depth F C p I L C N G F 8 E 8 s C 8 " G to 8 0 p 0 I n I i • 0 A • 0 r C r I I i T i r 
Top C 0 i ID p t r t 1 5 1 • r • h y C C V r C s 
of i i " p e r r h C t g t • C i 0 r r • i r u Unit Unit e d 0 C 1 a I 0 i r • r II h n z 1 1 1 1 i p 
;.;;;;;;;;;,,:; ;;;;;;;; ~ = ~ = = = = = = = = = = = = = = = = = = = 
269 4786.2 4 X X X X X X X 
270 4786.6 6 X X 
271 4786.8 4 X X X X X X X 
272 4789.2 4 X X X X X X X X X X 
273 4789.8 I X X X X 
274 4793.1 4 X X X X X X 
275 479).2 4 X X X X X X X X 
276 4794.5 4 X X X X X I X X 
277 4795.0 I X X X X X 
278 4796.5 4 X X X X X 
279 4797 .2 10 X 
280 4797. 5 4 X lt X X X X 
281 4798.0 10 lt X 
Well 9248 
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Cluster Data from Group Analyses 
The results of cluster analysis of five combined data sets are 
compiled in Appendix C. Each data set, presented separately on one or 
two pages is composed of core segments from two or more wells. The 
lithologic units that make up each core segment are listed as the left 
column of numbers beneath the North Dakota Geological Survey (NDGS) 
number of the core (under the heading "No."). The right column of 
numbers (under the heading "Facies") identifies the cluster 
(lithofacies) to which each lithologic unit was assigned during cluster 
analysis of the combined data set. Each page is headed by the name of 
the data set, the stratigraphic interval and, in some cases, the 
geographic area represented by the data set is also indicated. 
389 
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Combined Data Set I -- Midale subinterval 
NDGS 793 NDGS 1262 NDGS 9248 NDGS 9248 NDGS 1059 
No. Facies No. Facies No. Facies No. Facies No. Facies 
5 6 1 6 1 4 41 1 25 1 
6 1 2 1 2 5 42 4 26 0 
7 6 3 1 3 5 43 1 27 6 
8 4 4 1 4 2 44 1 28 1 
9 5 5 1 5 2 45 1 29 1 
10 2 6 1 6 3 46 4 30 1 
11 5 7 1 7 6 47 1 31 1 
12 2 8 1 8 6 48 1 32 1 
13 2 9 1 9 6 49 1 33 1 
14 5 10 1 10 6 50 4 34 1 
15 2 11 1 11 2 51 4 35 1 
16 1 12 1 12 5 52 1 36 1 
17 2 13 1 13 6 53 1 37 1 
18 2 14 1 14 5 54 1 38 1 
19 6 15 6 15 6 39 1 
20 2 16 0 16 3 40 1 
21 4 17 1 17 2 NDGS 8794 41 1 
22 1 18 1 18 6 No . Facies 42 1 
23 2 19 1 19 6 43 1 
24 1 20 1 20 5 11 5 44 1 
25 4 21 1 21 2 12 1 45 1 
26 4 22 1 22 5 13 1 46 1 
27 1 23 1 23 5 14 1 47 1 
28 1 24 1 24 3 15 1 48 1 
29 1 25 1 25 5 16 1 49 6 
30 1 26 1 26 3 17 1 50 6 
31 1 27 1 27 3 18 1 51 1 
32 1 28 1 28 5 19 1 52 1 
33 1 29 1 29 6 20 1 53 1 
34 1 30 1 30 2 21 1 54 1 
35 1 31 1 31 2 22 1 55 1 
36 4 32 1 32 2 23 1 56 1 
37 4 33 1 33 4 24 1 57 1 
38 4 34 1 34 5 25 1 58 1 
39 1 35 1 35 5 26 1 59 0 
40 1 36 1 36 6 27 1 60 1 
41 1 37 1 37 4 28 1 61 1 
42 1 38 1 38 2 29 1 62 1 
43 1 39 1 39 2 30 1 63 1 
44 1 40 1 40 1 31 1 
45 2 41 1 





Combined Data Set II -- Frobisher-Alida interval (lower half) 
NDGS 4252 NDGS 4252 NDGS 4208 NDGS 4208 NDGS 7936 
No. Facies No. Facies No. Facies No. Facies No . Facies 
1 1 46 9 16 1 65 5 7 10 
2 1 47 6 17 5 66 5 8 10 
3 1 48 10 18 9 67 2 9 1 
4 4 49 6 19 6 68 4 10 5 
5 10 50 10 20 9 69 4 11 5 
6 10 51 9 21 10 70 4 12 5 
7 7 52 10 22 10 71 4 13 5 
8 6 53 1 23 0 72 4 14 1 
9 7 54 4 24 5 73 2 15 1 
10 10 55 1 25 5 74 4 16 0 
11 6 56 4 26 5 75 4 17 5 
12 6 57 1 27 5 76 4 18 5 
13 10 58 4 28 5 77 4 19 2 
14 6 59 4 29 5 78 1 20 2 
15 6 60 4 30 4 79 3 21 1 
16 10 61 1 31 5 80 3 22 10 
17 8 62 7 32 5 81 3 23 2 
18 10 63 1 33 5 82 10 24 1 
19 8 64 9 34 4 83 3 25 1 
20 10 65 9 35 5 84 3 26 1 
21 8 66 9 36 5 85 3 27 5 
22 8 67 2 37 5 86 10 28 4 
23 8 68 4 38 5 87 4 29 5 
24 6 69 4 39 5 88 2 30 5 
25 10 70 6 40 5 89 4 31 1 
26 10 71 1 41 5 90 3 32 1 
27 7 42 5 91 1 33 1 
28 10 43 5 92 5 34 1 
29 2 NDGS 4208 44 5 93 4 35 5 
30 10 No. Facies 45 5 94 4 36 5 
31 10 46 5 95 4 37 2 
32 10 1 9 47 5 96 4 38 0 
33 10 2 6 48 5 97 2 39 10 
34 7 3 1 49 5 98 4 40 0 
35 10 4 1 so 5 99 4 41 1 
36 6 5 1 51 5 100 4 42 4 
37 10 6 4 52 5 101 9 43 10 
38 10 7 10 53 5 102 9 44 3 
39 6 8 10 54 5 45 9 
40 6 9 2 55 5 46 9 
41 1 10 10 56 5 NDGS 7936 47 7 
42 1 11 9 57 5 No. Facies 48 1 
43 1 12 9 58 5 49 2 
44 9 13 9 59 5 1 9 so 10 
45 7 14 9 60 5 2 9 51 10 
15 5 61 4 3 0 52 10 
62 4 4 10 53 10 
63 4 5 6 54 9 
64 5 6 10 55 9 
192 
Combined Data Set III -- Tilston interval (southeast) 
NDGS 7936 NDGS 7936 NDGS 9248 NDGS 9248 NDGS 4252 
No. Faci es No. Facies No. Facies No. Facies No. Facies 
56 9 101 3 216 2 261 9 72 4 
57 8 102 4 217 2 262 6 73 9 
58 9 103 3 218 9 263 4 74 9 
59 9 104 6 219 9 264 4 75 8 
60 9 105 4 220 6 265 1 76 8 
61 9 106 1 221 4 266 1 77 8 
62 9 107 1 222 5 267 1 78 8 
63 9 108 6 223 1 268 4 79 7 
64 9 109 6 224 1 269 4 80 8 
65 9 110 1 225 1 270 9 81 8 
66 9 111 1 226 1 271 1 82 9 
67 9 112 6 227 1 272 1 83 7 
68 9 113 1 228 1 273 3 84 7 
69 9 114 6 229 1 274 6 85 7 
70 9 115 6 230 1 275 1 86 9 
71 6 116 6 231 1 276 3 87 9 
72 5 117 6 232 1 277 3 88 9 
73 5 118 6 233 4 278 4 89 9 
74 5 119 6 234 4 279 9 90 9 
75 1 120 6 235 4 280 4 91 9 
76 5 121 6 236 4 281 9 92 9 
77 5 122 6 237 1 93 9 
78 5 123 4 238 1 94 9 
79 1 124 9 239 1 NDGS 4208 95 9 
80 1 125 6 240 1 No. Facies 96 9 
81 1 126 6 241 1 97 9 
82 5 127 9 242 1 103 9 98 9 
83 6 128 6 243 4 104 9 99 9 
84 9 129 6 244 4 105 9 100 9 
85 6 130 6 245 4 106 9 101 9 
86 9 131 9 246 1 107 9 102 9 
87 4 132 6 247 4 108 9 103 9 
88 4 133 6 248 1 109 9 104 9 
89 6 249 4 110 9 105 9 
90 1 250 1 111 . 7 106 9 
91 5 251 1 107 9 
92 5 252 1 108 9 
93 5 253 4 109 9 
94 3 254 9 110 9 
95 3 255 4 111 9 
96 3 256 1 
97 3 257 4 
98 4 258 1 
99 1 259 1 
100 1 260 1 
39] 
Combined Data Set IV -- Frobisher-Alida interval (north) 
NDGS 8794 NDGS 8794 NDGS 1059 NDGS 1059 NDGS 1059 
No . Facies No. Facies No. Facies No. Facies No. Facies 
32 1 81 1 77 10 126 1 176 l 
33 1 82 l 78 3 127 l 177 l 
34 l 83 1 79 3 128 l 178 l 
35 l 84 12 80 3 129 l 179 l 
36 7 85 10 81 12 130 l 180 l 
37 4 86 1 82 3 131 l 181 l 
38 4 87 1 83 10 132 l 182 l 
39 0 88 1 84 3 133 l 183 l 
40 12 89 1 85 l 134 l 184 l 
41 3 90 1 86 9 135 9 185 l 
42 9 91 1 87 3 136 1 186 1 
43 l 92 1 88 10 137 9 187 l 
44 12 93 1 89 3 138 1 188 l 
45 4 94 1 90 12 139 8 189 1 
46 3 95 1 91 8 140 10 190 l 
47 12 96 1 92 10 141 9 191 1 
48 12 97 1 93 1 142 10 192 1 
49 12 98 1 94 12 143 l 193 1 
50 4 99 1 95 8 144 0 194 1 
51 9 100 1 96 1 145 11 195 1 
52 12 101 1 97 8 146 2 196 1 
53 0 102 1 98 12 147 11 197 1 
54 4 103 1 99 12 148 1 198 1 
55 4 104 1 100 12 149 2 199 1 
56 12 105 1 101 12 150 8 200 1 
57 4 106 1 102 9 151 2 201 l 
58 9 107 l 103 10 152 2 202 l 
59 3 108 1 104 4 153 2 203 1 
60 12 109 1 105 12 154 1 204 1 
61 6 110 1 106 12 155 1 205 1 
62 3 111 1 107 3 156 1 206 9 
63 6 108 1.0 157 2 207 1 
64 4 109 12 158 1 208 1 
65 3 NDGS 1059 110 9 159 1 209 1 
66 6 No. Facies 111 12 160 l 210 1 
67 6 112 10 161 1 211 1 
68 3 64 12 113 3 162 2 212 1 
69 9 65 12 114 10 163 1 213 1 
70 9 66 1 115 10 164 1 214 1 
71 5 67 12 116 10 165 1 215 2 
72 1 68 10 117 3 166 1 216 2 
73 1 69 10 118 12 167 1 217 2 
74 1 70 12 119 1 168 1 218 2 
75 1 71 10 120 1 169 1 219 2 
76 1 72 3 121 1 170 1 220 2 
77 1 73 12 122 1 171 1 221 2 
78 5 74 3 123 1 172 1 222 1 
79 7 75 3 124 1 173 1 223 9 
80 1 76 10 125 9 174 1 224 1 
175 1 225 1 
194 
Combined Data Set V -- Frobisher Alida interval (center) 
NDGS 7918 NDGS 7918 NDGS 7918 NDGS 1262 NDGS 1262 
No. Facies No. Facies No. Facies No. Facies No. Facies 
1 8 46 12 91 11 52 8 97 6 
2 8 47 12 92 14 53 8 '1 8 8 
3 8 48 12 93 14 54 8 99 8 
4 4 49 12 94 14 55 8 100 8 
5 15 so 12 95 14 56 8 101 8 
6 6 51 12 96 14 57 8 102 5 
7 6 52 14 97 11 58 8 103 2 
8 6 53 11 98 14 59 8 104 1 
9 14 54 14 99 14 60 7 105 5 
10 13 55 11 100 11 61 9 106 1 
11 14 56 11 101 8 62 10 107 6 
12 13 57 11 102 15 63 15 108 1 
13 13 58 14 103 11 64 15 109 5 
14 14 59 14 104 11 65 15 110 6 
15 14 60 14 105 11 66 15 111 2 
16 13 61 14 106 11 67 15 112 1 
17 14 62 14 107 11 68 15 113 14 
18 8 63 14 108 11 69 15 114 2 
19 11 64 12 109 11 70 15 115 14 
20 8 65 12 110 14 71 8 116 8 
21 8 66 12 111 14 72 8 117 14 
22 4 67 4 112 14 73 8 118 12 
23 1 68 14 113 11 74 8 119 8 
24 14 69 14 114 14 75 7 120 14 
25 14 70 14 115 11 76 8 121 5 
26 1 71 7 116 14 77 8 122 8 
27 14 72 14 117 14 78 8 123 12 
28 14 73 11 118 14 79 8 124 8 
29 8 74 11 119 11 80 3 125 14 
30 14 75 14 120 14 81 15 126 8 
31 8 76 12 121 11 82 1 127 11 
32 14 77 12 122 11 83 9 128 15 
33 3 78 14 123 11 84 15 129 7 
34 13 79 15 124 11 85 15 130 15 
35 13 80 14 86 2 131 7 
36 13 81 12 87 8 132 8 
37 13 82 14 NDGS 1262 88 2 133 11 
38 13 83 14 No. Facies 89 6 134 14 
39 13 84 11 90 8 135 11 
40 11 85 12 46 1 91 2 136 11 
41 11 86 14 47 7 92 8 137 11 
42 11 87 14 48 8 93 8 138 11 
43 13 88 13 49 8 94 8 139 11 
44 13 89 14 so 8 95 7 140 15 
45 12 90 11 51 8 96 8 141 15 
3q5 
Combined Data Set V (continued) 
NDGS 793 NDGS 793 NDGS 793 NDGS 793 NDGS 793 
No. Facies No. Facies No. Facies No. Facies No. Facies 
47 15 75 10 103 9 131 1 159 3 
48 15 76 15 104 8 132 1 160 3 
49 9 77 15 105 15 133 2 161 7 
so . 15 78 10 106 9 134 6 162 1 
51 9 79 15 107 15 135 3 163 1 
52 15 80 10 108 8 136 3 164 1 
53 15 81 10 109 1 137 6 165 6 
54 15 82 15 110 1 138 1 166 6 
55 15 83 10 111 1 139 0 167 3 
56 15 84 15 112 1 140 6 168 1 
57 8 85 10 113 1 141 3 169 2 
58 8 86 15 114 6 142 6 170 6 
59 15 87 15 115 1 143 4 171 6 
60 8 88 15 116 6 144 2 172 15 
61 8 89 8 117 6 145 15 173 6 
62 15 90 8 118 8 146 1 174 3 
63 8 91 15 119 1 147 1 175 6 
64 15 92 15 120 2 148 2 176 6 
65 15 93 8 121 8 149 1 177 6 
66 8 94 15 122 2 150 6 178 14 
67 9 95 8 123 6 151 6 179 5 
68 15 96 15 124 1 152 6 180 6 
69 9 97 8 125 15 153 6 181 8 
70 10 98 15 126 15, 154 2 182 0 
71 15 99 9 127 15 155 3 
72 10 100 15 128 15 156 6 
73 15 101 15 129 1 157 6 
74 15 102 15 130 6 158 1 
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